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ABSTRACT 
Forelimb and hindlimb articulation, reconstructed musculature, and function were 
examined in Apatosaurus, Diplodocus, and Camarasaurus.  A technique was developed 
using a Microscribe three-dimensional digitizer to capture external morphological data 
for skeletal reconstruction and determination of taxonomically useful features.  The 
appendicular musculature of Alligator mississippiensis was dissected to determine form, 
function, origin, and insertion of muscles to aid in reconstruction of sauropod 
musculature.  Contrary to the literature, M. caudofemoralis longus was found to originate 
primarily from the lateral surfaces of the proximal chevrons instead of the bodies and 
transverse processes of the caudals, demonstrating that chevron morphology is indicative 
of the size, shape, and extent of M. caudofemoralis longus in fossil archosaurs.  
Apatosurus and Diplodocus were found to have narrower chests than 
Camarasaurus with forelimbs situated directly under the ir bodies.  Forelimb posture 
differences between taxa were indicated by the position of the humeral head, morphology 
of the distal humeral condyles, and the orientation of the posterior process of the ulna.  
The scapulae in all three taxa were oriented subhorizontally.  Hindlimb articulation was 
found to be related to the shape of the femur and pelvis width.  The medial condyles of 
the femur were longer than the lateral condyles in diplodocids, producing a narrow 
stance, while the femoral condyles of Camarasaurus were coequal in length, producing a 
relatively wide stance.  This stance would have resulted in wider Camarasaurus 
trackways than those of diplodocids. 
Limb motion was restricted to a single plane.  Rotation of the brachial and 
antebrachial joint was constrained by osteology with the brachial joint limited to between 
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33º and 40º of rotation, and the antebrachial joint limited to no more than 55º of rotation.  
Femoral joint rotation was limited to between 30º and 37º based on changes in the length 
of M. caudofemoralis longus, and rotation of the femerotibial joint was restricted by 
osteology to between 47º and 55º.  M. caudofemoralis longus was relatively larger in 
Diplodocus than in either Camarasaurus or Apatosaurus based on chevron morphology. 
These results indicate that tripodal rearing, as sometimes proposed for diplodocids, was 
not common, based on stance and M. caudofemoralis longus contraction length.  
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INTRODUCTION 
 Sauropod dinosaurs were the largest terrestrial animals and their biological and 
morphological design represents an extreme of terrestrial vertebrate evolution.  The study 
of these immense animals is greatly hindered by the unwieldy nature of their remains.  
The purpose of this study was to investigate a new approach to sauropod studies using 
three-dimensional digitized external morphological data, muscular data from extant 
crocodilians, and observations and measurements of numerous sauropod specimens to 
produce a comprehensive picture of the appendicular skeleton’s form and function in the 
three most common North American Jurassic sauropod taxa, Apatosaurus, Diplodocus, 
and Camarasaurus. 
The first chapter of this study describes the techniques that were used to gather 
three-dimensional data for this project.  Because the current study focuses exclusively on 
the external morphology of the appendicular skeleton, a three-dimensional point digitizer 
was used to gather three-dimensional morphological data for constructing biomechanical 
models of the sauropod appendicular skeleton.  The benefits, as well as the shortcomings, 
of the point digitizer method are also addressed in this chapter.   
The second chapter focuses on qualitative morphological variation in the 
appendicular skeleton of North American Jurassic sauropods.  This paper describes, in 
detail, the morphology of the sauropod appendicular skeleton as well as the 
morphological differences between the most common North American sauropod genera.  
Whereas morphological variation among numerous sauropod genera is examined, it is 
clear that sufficient material for meaningful morphological comparisons is only available 
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for Apatosaurus, Diplodocus, and Camarasaurus.  Therefore, these taxa were chosen for 
the remainder of the study. 
 The third chapter focuses on the pectoral, brachial, pelvic, and thigh musculature 
in Alligator mississippiensis.  The origin, insertion, form, and function of the muscles are 
described and compared with the literature. Structures not mentioned in the literature are 
described here for the first time.  A clear understanding of archosaur appendicular 
muscula ture is essential for reconstructing musculature in sauropods. 
The final two chapters combine all the data from the previous three to produce a 
comprehensive interpretation of the sauropod appendicular skeleton and its functional 
limits.  These chapters describe the skeletal morphology, reconstructed myology, and 
function of the forelimb and hindlimb in Apatosaurus, Diplodocus and Camarasaurus.  
The chapters are divided into three parts, covering the articulation, reconstructed 
myology, and the range of motion of the forelimb and hindlimb in Apatosaurus, 
Diplodocus, and Camarasaurus.  The three taxa are compared and contrasted to 
determine morphological and functional differences.  Finally, results presented here are 
used to address possible effects of forelimb and hindlimb function on sauropod behavior. 
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CHAPTER 1: DIGITIZING LARGE FOSSIL SKELETAL  
ELEMENTS FOR THREE-DIMENSIONAL APPLICATIONS 
 
INTRODUCTION 
 This paper describes the use of three-dimensional digitized data for use in vertebrate 
paleontological studies, specifically biomechanical studies of sauropod dinosaurs.  The use of 
three-dimensional modeling techniques in vertebrate paleontology has received attention recently 
by Chapman and Weishhampel (1998) and Rowe et. al. (2001).  Currently, the primary source of 
three-dimensional data is computed tomography (CT) scanning, which is used primarily for 
evaluating internal anatomy (Rowe et. al., 1999).  This study focuses exclusively on the external 
morphology of the appendicular skeleton, and for this reason, a three-dimensional point digitizer 
was used to gather three-dimensional morphological data.  While the focus of this study was the 
functional morphology of the sauropod appendicular skeleton, three-dimensional digitized data 
would also be useful in morphometric studies, studies involving ontogene tic variation, and 
virtually any other study which focuses on external skeletal morphology. 
THREE-DIMENSIONAL DIGITIZING TECHNIQUE 
Equipment 
Over 100 individual sauropod appendicular elements from 10 different institutions were 
digitized using the Immersion Microscribe three-dimensional point digitizer (see Appendix A for 
procedure).  The point digitizer proved to be transportable, cost effective, and reliable.  The input 
device for the Microscribe used in this study was modified for use with either a mouse or foot 
pedal.  A Pentium II PC with a 400MHz processor and 128 MB of RAM was connected to the 
digitizer via a serial connection cable (Fig. 1.1).  The Rhinoceros modeling program (Version 
1.0) was used to obtain digital data, which was processed with Surfacer.  Clay was used for 
stabilizing specimens and white paper correction fluid for marking registration points. 
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Figure 1.1.  Microscribe digitizer connected to a notebook computer and ready to collect data. 
 
Prerequisites 
Specimen selection is critical when digitizing fossil bones.  For the purposes of this 
study, each element had to be complete, relatively uncrushed, identifiable to genus, and free from 
the effects of allometry.  The six major limb elements (humerus, radius, ulna, femur, tibia, and 
fibula) were considered to be complete if five measurements, length (L), greatest proximal 
breadth (GP), least breadth (LB), greatest distal breadth (GD) and least circumference (LC) 
could be made on the bone.  The girdle bones were considered comple te if approximately 90 
percent of an element’s edges were intact.  The degree of crushing in a given specimen was 
much more difficult to estimate because very few sauropod appendicular elements are totally 
free of distortion.  For this study, elements were assumed to be relatively uncrushed if the key 
features of the bone (i.e. muscle scars, trochanters, fenestrae, etc.) were clearly visibly and no 
offset fractures were apparent. 
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Any study that uses composite skeletons in reconstructions must consider the possible 
effects of allometry.  Previous work on sauropods indicates that appendicular elements grew 
isometrically (Carpenter and MacIntosh, 1994 and Wilhite, 1999).  For instance, Wilhite (1999) 
found that the limbs of Camarasaurus exhibit isometric growth with very little evidence of 
allometry.  Similarly, Carpenter and MacIntosh (1994) noted isometric growth patterns in the 
limbs of Apatosaurus.  The current study involves only diplodocid and camarasaurid sauropods.  
Therefore, it is assumed that all appendicular elements digitized are free from the effects of 
allometry and can be scaled to match other elements when composite limbs are necessary.   
Specimen size is also an important consideration when digitizing.  In this study, the 
Microscribe digitizer and Rhinoceros data capture program make it is possible to scan any 
known vertebrate element regardless of size.  However, the radius of the digitizer arm used for 
this study is 70 cm, and elements longer than about 1.2 m had to be digitized in four or more 
parts, doubling the time needed to digitize a single element.  If access time to museum 
collections is a consideration, specimens that fit into the size range of the digitizer arm are 
preferable. 
Overview of the Digitizing Procedure  
 While a detailed description of the digitizing procedure used here is given in Appendix 
A, an overview of the procedure is necessary before the benefits and potential problems can be 
addressed.  The Rhinoceros program is capable of storing data from the Microscribe point 
digitizer as points or as curves.  When stored as points, data is in the form of a point cloud which 
must be surfaced by connecting the points as a series of polygons.  Point cloud data would be a 
good choice for very small bones since the entire surface can be sampled.  However, this method 
was impractical for the large (greater that 30 cm) specimens used in this study because of the 
time required to sample the entire surface with the digitizer.  Instead the curve method was 
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employed for this project (points were used for registration of the two digitized halves).  Using 
this method, a series of curves is defined across the short axis of the bone at varying intervals 
along its length (see Appendix A).  The intervals between curves varied because areas of a bone 
with significant morphological information (i.e., trochanters and processes) were sampled at 
shorter intervals than those areas which lacked significant morphological features (i.e., the shaft 
of the humerus). 
 After one side of the bone was digitized, a surface was modeled over the curves using a 
process called lofting.  The process of lofting a surface over the curves is explained in detail in 
Appendix A, but can be visualized as laying a sheet over an object.  Even though the shape of the 
object is clearly visible, the sheet does not exactly conform to every detail of the object.  If the 
sheet is pulled tightly over the object, however, it conforms much more closely to the shape of 
the object than if it were loosely draped over it.  The LOFT function in Rhinoceros works much 
the same way by giving the user multiple options that essentially drape the surface more loosely 
or more tightly over created curves.  Figure 1.2 shows the digital model of AMNH 6114 lofted 
using several different settings.  The different results obtained using the various settings make it 
clear that no single method will reproduce the actual surface of the original bone in perfect detail 
(see Fig. 1.3 for photo of actual element).  The settings used for a given element were dictated by 
the approach that produced the most accurate rendering of the original bone.  No single setting 
was found to be preferable for all the elements digitized in this study. 
 After a surface has been lofted over the digitized curves and found to satisfactorily 
represent the actual specimen, the specimen should be turned over and the process repeated for 
the other side.  Both halves can then be combined using a number of programs (in this case, 
Imageware’s Surfacer).  The resulting three-dimensional solid can be used for morphological 
analyses. 
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BENEFITS AND PROBLEMS OF DIGITIZED DATA 
Digitized data offers several advantages over other methods of obtaining three-
dimensional digital data.  The Microscribe digitizer is portable (fits into a case no larger than an 
average suitcase), and the components can be assembled or disassembled rapidly (less than ten 
minutes) so that even brief visits to museum collections may afford an opportunity to digitize 
important specimens.  Elements also can be digitized very rapidly.  For example, with familiarity 
to the equipment and techniques, I was able to scan a one-meter sauropod humerus in about 15 
minutes.  In addition, digitized models can be compared to the original element in real time (Fig. 
1.3).  It is imperative to compare each scan with the original element to check for accuracy, and 
the ability to correct errors in minutes without redoing the complete scan is an advantage when 
many elements need to be digitized.  Digitized data files are also much smaller than those 
produced by other scanning techniques, making the resulting digital files easy to manipulate on 
even a modest computer system.  Finally, the cost of digitizing versus other techniques, such as 
CT scanning, is minimal. 
Despite the numerous benefits of digitized data, there are potential problems that may 
limit the technique’s usefulness.  Elements for this study were scanned as two halves and 
registered together later.  It can be difficult, however, to assemble bones that were originally very 
flat (e.g., scapulae) because the small distances between the two surfaces make combining halves 
difficult.  A technique for which no registration of two halves is necessary would be better for 
these elements (Bonnan, pers. comm).  Another potential problem is that the model surface is 
generated by interpolating between the curves generated using the digitizer, and therefore, the  
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Figure 1.2.  Lofted anterior surfaces of an Apatosaurus left humerus ( AMNH 6114) using A) 
NORMAL/UNSIPLIFIED, B) NORMAL/SIMPLIFIED, and C) LOOSE/SIMPLIFIED settings 
in the Rhinoceros program. 
 9 
 
Figure 1.3.  Screen capture of lofted (NORMAL/UNSIMPLIFIED), shaded surface of anterior 
half of an Apatosaurus left humerus (AMNH 6114) compared to original element in anterior 
view. 
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surface cannot be an exact copy of the original.  Some morphological features, such as the 
rugosities on the ends of sauropod limb elements, may not appear in the digital model (Fig. 1.3).  
Fortunately, the large size of sauropod limb elements helps to diminish the small inconsistencies 
between the model and the original element because morphological features are so large.  
However, digitizing inconsistencies would prove to be much more critical for small elements 
(less than 30 cm) because even minor errors in the digitizing process, such as holding the point 
of the digitizer arm a few millimeters above the surface of a specimen, affect the final shape of 
the model.  If millimeter-scale accuracy is important, an alternative technique such as laser 
scanning (Lyons, et al, 2000) or CT scanning (Ketcham and Carlson, 2001) would be more 
appropriate. 
APPLICABILITY 
 Having considered the benefits and limitations of three-dimensional digitized data, the 
applicability of the technique to different types of studies can be considered.  Many 
morphometric studies could be greatly facilitated using this technique.  Previous studies relied on 
digitized points from photographs (Chapman, 1990; Chapman and Brett-Surman, 1990).  The 
same data points could easily be captured in three-dimensional morphospace using the point 
digitizer.  Ontogenetic studies could also be facilitated using three-dimensional digitizing 
techniques because many specimens representing different ontogenetic stages could be digitized 
quickly, and the three-dimensional solids generated could easily be scaled to the same size and 
qualitative ontogentic differences noted (Fig. 1.4).  Three-dimensional digitized elements are 
especially useful for modeling joint articulations in functional studies of exceptionally large 
animals such as sauropod dinosaurs (Fig. 1.5).  The relatively small data files allow for the 
assembly of complete skeletons using a standard personal PC (Fig. 1.6).  Also, digital models of  
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Figure 1.4.  Two right Apatosaurus ulnae showing the effects of ontogeny by scaling the two 
elements to the same size.  Elements begin in anterior view and rotate medially. 
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Figure 1.5.  Animation of brachial and antebrachial joint motion in Apatosaurus (yellow), 
Camarasaurus (blue), and Diplodocus (red) in right lateral view. 
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Figure 1.6.  Animation of reconstructed skeletons of Diplodocus (red), Apatosaurus (yellow), 
and Camarasaurus (blue).  Animation begins with skeletons in left lateral view. 
 
large bones can be illustrated parallax free and in exactly the same orientation making 
comparisons of morphological features more clear than with traditional photography (Fig. 1.7). 
CONCLUSIONS 
Numerous techniques have been developed in recent years for the collection of three-
dimensional morphological data in vertebrate paleontology.  The current project involved 
obtaining three-dimensional morphological data from the appendicular skeletons of sauropod 
dinosaurs using the portable Microscibe three-dimensional digitizer. Digitized data can be 
captured by the individual researcher, is cost efficient, can be captured quickly, and is easily  
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Figure 1.7.  Sauropod right ulnae in a) anterior, b) dorsal, and c) lateral views.                 1) 
Apatosaurus, 2) Camarasaurus, 3) Diplodocus.  Abbreviations: mp = medial process, lp = 
lateral process, pp = posterior process, rls = radial ligament scar. 
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manipulated on a standard laptop or desktop computer.  Three-dimensional digitized data would 
be useful for several types of studies including morphological, ontogenetic, and biomechanical 
projects.  However, potential problems such as extra time needed to register scanned halves 
together and the limited ability of digitized data to accurately reproduce the features of a given 
element should be considered. 
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CHAPTER 2. QUALITATIVE MORPHOLOGICAL VARIATION IN THE APPENDICULAR 
SKELETON OF NORTH AMERICAN SAUROPOD DINOSAURS 
 
INTRODUCTION 
 Sauropod dinosaurs were the largest terrestrial animals to have ever evolved.  Their biological 
and morphological design, therefore, represents an extreme of terrestrial vertebrate evolution.  
Historically, sauropods have been classified and described based primarily on axial elements (McIntosh, 
1990a, 1990b).  Recent cladistic analyses, however, have focused much more on the appendicular 
skeleton (Upchurch, 1995; Wilson and Sereno, 1998), yet no comprehensive comparison of 
morphological diversity in the sauropod appendicular skeleton exists.  This study is a first step toward a 
comprehensive guide to sauropod appendicular material.  This paper describes, in detail, the 
morphology of the sauropod appendicular skeleton as well as the morphological differences among the 
most common North American sauropod genera.  Specifically, I will focus on the fauna of the Upper 
Jurassic Morrison Formation of western North America because the Morrison sauropod assemblage is 
the most diverse and plentiful currently known.   
 Genera examined include Camarasaurus (Cope, 1877), Apatosaurus (Marsh, 1877), 
Diplodocus (Marsh, 1878), Barosaurus (Marsh, 1890), Brachiosaurus (Riggs, 1903a), and 
Haplocanthosaurus (Hatacher, 1903a).  Unfortunately, reasonable sample sizes of individual elements 
(N > 10) are only available for three of these genera: Camarasaurus, Apatosaurus, and Diplodocus.  
Sufficient data for Brachiosaurus is available from African specimens, however, the amount of 
morphological variation between the African species, B. branchi (Janensch, 1914), and its North 
American counterpart, B. altithorax (Riggs, 1903a), is not clear, and I have chosen not to attribute the 
characters of B. branchi to B. altithorax.  Currently, manuscripts on both Barosaurus (MacIntosh, in 
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review) and Haplocanthosaurus (Bilbey and Hall, in prep) are in preparation that will add much to our 
understanding of the morphology of these two genera.  A recently discovered species of Apatosaurus, 
A. yahnahpin, (Filla and Redman, 1994) from the lower Morrison Formation of Wyoming, will be cited 
frequently as an example of interspecific variation. 
 The following sections will focus on the six major limb elements (humerus, radius, ulna, femur, 
tibia, and fibula) and the six girdle elements (sternal, scapula, coracoid, ilium, ischium, and pubis).  Each 
section will begin with a general description of an element.  Next, morphological differences among 
genera will be described in detail.  Except where noted, it is impossible to distinguish appendicular 
material at the species level.  The importance of each element as a taxonomic indicator based on the 
morphological differences noted in this study will be given.  Understanding morphological variation in 
individual sauropod appendicular elements is important for studies of ontogenetic variation, functional 
morphology, and taxonomy because few associated or complete sauropod skeletons exist.  Therefore, 
an understanding of variation within individual elements allows the use of isolated elements to increase 
sample sizes and improve the overall quality of the work. 
INSTITUTIONAL ABBREVIATIONS 
 The following institutional abbreviations are used throughout the text: American Museum of 
Natural History, AMNH; Brigham Young University Earth Science Museum, BYU; Carnegie Museum 
of Natural History, CM; Dinosaur National Monument, DNM; University of Kansas, KUVP; Museum 
of Western Colorado, MWC; Field Museum of Natural History, P; South Dakota School of Mines, 
SDSM; University of Utah, UUVP; University of Wyoming, UW; Wyoming Dinosaur Center, WDC; 
and Yale Peabody Museum, YPM. 
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MATERIALS AND METHODS 
Approximately one hundred elements from twelve different institutions were digitized using an 
Immersion Microscribe three-dimensional digitizer (Table 2.1, Tables B.1 and B.2).  Criteria used to 
select individual bones for digitizing are given in Chapter 1.  Digitized elements were assembled by 
Arthur Andersen of Virtual Surfaces and articulated using Discreet’s 3D Studio Max modeling 
software.  Observations and measurements of over 500 addition limb elements were also collected 
(Tables B.3-B.8).  Measurements and observations were made of any appendicular element for which 
length could be determined.  Additional measurements of the forelimb and hindlimb bones included: 
greatest proximal breadth, least breadth, greatest distal breadth, and least circumference.  These 
measurements were made according to the guidelines presented in Wilhite (1999). 
Wilhite (1999) and Carpenter and McIntosh (1990) demonstrated that Camarasaurus and 
diplodocids exhibit isometric growth patterns so that morphological differences within and across taxa 
are unrelated to size.  Therefore, figures were generated and scaled to the same length using three-
dimensional models of digitized elements (see Chapter 1 for description of the digitizing technique).  The 
advantage of using digitized elements is that bones can be placed in a precise orientation that can be 
easily duplicated.  Digitally generated figures also eliminate photo parallax, and elements can be scaled 
and transformed so that all views are of the same size and side.  The figures are also color coded such 
that red represents Diplodocus, yellow represents Apatosaurus, and blue represents Camarasaurus.  
THE PECTORAL GIRDLE 
Sternal 
 The sternal in sauropods is a medial paired element situated between the coracoids (Fig. 2.1).  
It is generally broadly flattened with a dorsoventrally expanded anterior end (Fig. 2.1B).  The anterior, 
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posterior, and medial borders of the sternal are rugose and were imbedded in cartilage in life.  The 
lateral border of the sternal, however, is smooth and may have had a thin, but dense, cartilage covering, 
forming a tight joint with the coracoid.  There is some debate as to the actual 
Table 2.1 Numbers (n) of individual appendicular elements digitized for this project. 
Forelimb   Hindlimb  
Element n  Element n 
Scapulae 5  Ilia 3 
Coracoids 5  Ischia 5 
Sternals 4  Pubes 4 
Humeri 11  Femora 8 
Radii 10  Tibiae 9 
Ulnae 7  Fibulae 15 
orientation of the sternal plates and their position relative to the coracoid.  Filla and Redman (1994, Fig. 
2.10) illustrate a cartilaginous presternum which is shown as three quarters of the length of the ossified 
sternals in a Wyoming apatosaur.  This restoration is in keeping with the hypothesis of Bakker (1987, 
Fig. 2.13) that the scapulacoracoid was mobile in quadrupedal dinosaurs, increasing the arc of rotation 
of the forelimb. Because the true extent of the cartilaginous presternum is unknown, I have chosen to 
reconstruct a more conservative presternum.  Figure 2.2 represents the orientation assumed here in the 
descriptions of the various genera that follow. 
 The sternal plates of diplodocids and camarasaurids are distinct from one another.  In general, 
the diplodocid sternal is relatively short and massive, whereas the camarasaurid sternal is elongate and 
gracile (Figs. 2.3.1 and 2.3.2).  Within the diplodocids, the sternum of Apatosaurus is more robust than 
that of Diplodocus (Figs. 2.3.1b and 2.3.2b); however, the shape of the sternals is variable within 
genera.  This may be due to the cartilaginous nature of the majority of the sternum, and variation 
represents different levels of ossification throughout ontogeny.  The morphology of a juvenile 
Diplodocus sternal in the collections of the Brigham Young University Earth Science Museum (BYU  
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Figure 2.1.  Digitized Camarasaurus (WDC BS-104) left sternal. A) Dorsal View. B) Lateral View. 
C) Ventral View. 
 
Figure 2.2.  Dorsal view of articulated sternals of Apatosaurus with reconstructed episternal cartilage 
(modified from Marsh, 1881). 
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Figure 2.3.  Digitized sauropod right sternals in a) ventral and b)lateral views. 1) Diplodocus 
(AMNH615), 2) Apatosaurus (BYU 681 – 4600), and 3) Camarasaurus (WDC BS-104).  
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681-12534) (Fig. 2.4B) differs greatly from that of an adult Diplodocus in the collections of the 
American Museum of Natural History (AMNH 615) (Fig. 2.4A).   
Coracoid 
 In sauropods, the coracoid is a square to oval element that joins the scapula along its posterior 
margin (Fig. 2.5).  The dorsal and anterior borders of the coracoid are thin, but the element  
thickens posteroventrally. This posteroventral surface forms the anterior portion of the glenoid fossa, 
and a coracoid foramen is usually located near the element’s posterior edge.  In all Morrison genera, the 
coracoid foramen is closed in adult specimens, but juvenile Apatosaurus specimens from the Cactus 
Park Quarry in northeastern Utah show that the coracoid foramen was not closed early in ontogeny in at 
least one taxon.  Fusion of the coracoid to the scapula is related to ontogeny, and none of the juvenile 
Apatosaurus scapulae from Cactus Park have fused scapulocoracoids.  The coracoids probably 
articulated with the sternals.  The anterior edge of the coracoid is curved medially, and the anterior 
edges of the coracoids probably lay close to one another in life, with the pectoral girdle wrapped 
around the front of the thorax. 
  The coracoid of Apatosaurus (Fig. 2.6) is the most distinct morphologically of the common 
Morrison genera with a squared anterodorsal margin compared to the coracoid of Camarasaurus that 
has a rounded anterodorsal margin.  The most notable feature of the Diplodocus coracoid is the low 
angle of the scapular articulation (~50º) compared to the higher angle observed in Apatosaurus (~70º) 
and the vertical articulation observed in Camarasaurus (Fig. 2.7). 
Scapula 
 The scapula in sauropods is a massive element with a broad proximal end and a long scapular 
blade (Fig. 2.8).  The distal end of the scapula is variably expanded.  All sauropod scapulae  
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have a prominent acromion ridge lying approximately perpendicular to the long axis of the scapula.  The 
acromion ridge divides a large anterior fossa from a much smaller posterior fossa.  The cranioventral 
surface of the scapula is laterally expanded to form the posterior surface of the glenoid fossa.   The 
scapular portion of the glenoid fossa accounts for about two thirds of the glenoid’s total surface area.  
The cranial edge of the scapula articulates with the caudal edge of the coracoid.  The scapula and 
coracoid fuse during ontogeny.   
The life position of the scapula has been a source of much debate.  Some authors have 
reconstructed the scapula as lying nearly vertical (= 60º) against the ribs in sauropods (Riggs, 1903b; 
Osborn and Mook, 1919, 1921; Hallett, 1987).  This arrangement leads to a posteriorly facing glenoid, 
which seems poorly suited for articulation with the nearly vertically oriented humerus evident in 
sauropods from articulated specimens(Fig.2.9A).  Also, the distal end of the scapula sits near the dorsal 
margin of the neural spines in many restorations; an orientation which leaves little room for the 
cartilagenous suprascapula indicated by the rugose distal ends of sauropod scapulae.  The scapula was 
almost certainly oriented more horizontally relative to the ribs (Fig. 2.9B).  Perhaps the best evidence of 
this more horizontal orientation is the articulated juvenile Camarasaurus skeleton, CM11338 
(Gilmore,1925) from Dinosaur National Monument, Utah.  The right scapula of CM 11338 appears to 
be only slightly displaced from its life position and lies at a ~30º angle from horizontal.  More recently, 
Parrish and Stevens (2002) have shown that apparent modifications in the ribs indicate a subhorizontal 
orientation for the scapula as well.  While this is not definitive evidence, it is consistent with a near 
horizontal orientation of the scapula in sauropods.  Figure 2.9B represents the orientation assumed here 
for the scapula, with reference to the humerus, in the descriptions of the various genera that follow. 
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Scapula morphology is very distinctive in sauropods.  Apatosaurus scapulae can be 
distinguished from those of all known Morrison sauropods by the lack of an expanded scapular blade 
(Fig. 2.8B) (McIntosh, 1990b). The distal end of the scapular blade in all other diplodocids (and all 
other known Morrison sauropods) is considerably expanded (McIntosh, 1990b).  The recently 
described Apatosaurus yahnahpin (Filla and Redman, 1994), however, demonstrated that primitive 
apatosaurs also had an expanded scapular blade.  Diplodocids can be distinguished from both 
Camarasaurus and Brachiosaurus by the angle created by the scapular blade and the acromion ridge 
(McIntosh, 1990b).  In Diplodocus the angle is acute, whereas in Camarasaurus and Brachiosaurus, 
this angle is nearly 90 degrees (McIntosh, 1990b). The anterior fossa in Diplodocus is the longest, 
relative to the length of the scapula, of any of the known Morrison genera (with the possible exception 
of Barosaurus) (Fig. 2.8A).  Camarasaurus has a relatively massive scapula with a short blade and a 
much expanded distal end (Fig. 2.8C).  Brachiosaurus has a scapula morphology similar to that of 
Camarasaurus; however, the scapular shaft is longer with a thinner “waist” in the scapular blade just 
caudal to the acromion ridge.  The described scapula of Haplocanthosaurus (Hatcher, 1903b) 
resembles that of Camarasaurus with the exception that the distal end of the scapular blade is 
expanded equally dorsally and ventrally while in Camarasaurus the blade is primarily expanded 
dorsally.   
FORELIMB 
Humerus 
 The humerus in sauropods is expanded both proximally and distally, with weak distal condyle 
development (Fig.10).  The head of the humerus is composed of an anteroposteriorly thickened central 
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portion which thins laterally and medially, thus forming a raised triangular area on the caudal face of the 
humeral head (Figs. 2.10.1B, 2.10.2B, and 2.10.3B).  This raised area articulates within the 
 
Figure 2.4.  Photograph of right sternals of Diplodocus in ventral view.  A) AMNH 615. B) BYU681 – 
12534. 
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Figure 2.5.  Digitized right coracoid of Camarasaurus (KUVP129714) in A) lateral, B) posterior, and 
C) medial views.  Abbreviations: cf = coracoid foramen, gl = glenoid fossa. 
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Figure 2.6.  Photograph of Apatosaurus right coracoid (BYU 681-4599) in A) lateral and B) medial 
views.  Abbreviations: gl = glenoid fossa, cf = coracoid foramen. 
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Figure 2.7.  Digitized sauropod right coracoids in lateral view showing variation in the angle of the 
scapular suture. A) Diplodocus (DNM1028), B) Apatosaurus (BYU681-4599), and C) 
Camarasaurus (KUVP129714).  
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Figure 2.8.  Digitized sauropod right scapulae in lateral view. A) Diplodocus (DNM1028), B) 
Apatosaurus (BYU 681 – 10618), and C) Camarasaurus (KUVP129714).  Abbreviations: sb = 
scapular blade, pf = posterior fossa, ar = acromion ridge, af = anterior fossa, cs = coracoid suture, gf 
= glenoid fossa. 
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Figure 2.9.  Articulated digitized Camarasaurus (AMNH664) left forelimbs in lateral view. A) 
Articulated forelimb with scapula at ~60º from horizontal.  B) Articulated forelimb with scapula at ~28º 
from horizontal. 
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anteroposteriorly expanded glenoid fossa.  The most prominent feature of the humerus is the large 
laterally placed deltapectoral crest (Figs.2.10.1A, 2.10.2A, and 2.10.3A).  The humerus is oriented so 
that the deltapectoral crest faces craniomedially.    The distal end of the sauropod humerus is narrower 
than its proximal end, but the extent of narrowing varies among taxa (Fig. 2.10).  The weak distal 
condyles of the humerus are divided anteriorly by two small longitudinal intercondylar ridges (Figs. 
2.10.1A, 2.10.2A, and 2.10.3A) and posteriorly by a broad shallow anconeal (olecranon) fossa (Figs. 
2.10.1B, 2.10.2B, and 2.10.3B).  The distal condyles of the humerus articulate with the lateral and 
medial processes of the ulna, with the radius lying directly below the intercondylar ridges on the 
humerus.   
The four key characters that help separate Apatosaurus, Diplodocus, and Camarasaurus 
humeri are overall robustness, proportion of the distal condyles, orientation of the anconeal fossa, and 
symmetry of the humeral shaft.  Apatosaurus humeri are the most robust (Fig. 2.10.2 and Fig. 2.11) 
whereas those of Diplodocus are the most gracile (Fig. 2.10.1 and 2.11) of the three taxa.  
Camarasaurus humeri are intermediate between Apatosaurus and Diplodocus (Fig. 2.10.3 and 2.11).  
The anconeal fossa divides the distal condyles into subequal portions in diplodocids (Figs. 2.10.1 and 
2.10.2), but in Camarasaurus the medial condyle is considerably larger than the lateral condyle (Fig. 
2.10.3).  In diplodocids, the shaft of the humerus is virtually straight in anterior view, forming an 
hourglass shape (Figs. 2.10.1 and 2.10.2).  Alternatively, Camarasaurus exhibits a distinct bend in the 
medial shaft (Fig. 2.10.3).  Apatosaurus is both more robust than Diplodocus and has a more 
prominent deltapectoral crest (Figs. 2.10.1A and 2.10.2A).   The humerus of Brachiosaurus can be 
distinguished from all other North American Jurassic sauropods by its overall gracility alone (Least 
Breadth/Length = 0.12) (Fig. 2.11)  
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Radius  
 The sauropod radius is a relatively straight element (Fig.12).  The proximal end is triangular in 
shape, and the posteroproximal border is contoured to fit into the anterior fossa of the  
ulna (Fig.12B).  A longitudinal muscle scar representing the attachment site for M. ulnoradialis wraps 
around the posterior surface of the radius.  This muscle scar appears as two parallel lines in some taxa.  
The radial shaft is gently bowed in medial or lateral view so that the posterior aspect is slightly concave 
(Fig. 2.12D).  The distal radius has a distinct ulnar ligament scar on the posteromedial surface where the 
radius articulates with the ulna (Fig.12A).  Typically, the distal radius is rectangular in shape. 
 The radius is a very difficult element to diagnose at the generic level; however, some general 
trends can be noted.  The radius of Apatosaurus (Fig. 2.13.1) is the most robust of the three primary 
taxa that are the subject of this study (Fig. 2.14), whereas the radius of Diplodocus (Fig. 2.13.2) is the 
most gracile (Fig. 2.14).  Unfortunately, the robustness of the radius in Camarasaurus (Fig. 2.13.3) 
falls in between that of Apatosaurus and Diplodocus and, indeed, falls within the morphospace of both 
taxa (Fig. 2.14).  Morphologically, all three taxa are very similar. The feature that has been considered 
to be the most useful character for distinguishing Camarasaurus from the other taxa is its bowed radial 
shaft (Wilson and Sereno, 1998).  However, this character is based on the diagenetically altered radius 
of YPM 1901 (Fig. 2.15A).  Examination of numerous Camarasaurus radii, including P25182 (Fig. 
2.15B), has demonstrated that they are no more bowed than the radii of any other North American 
Jurassic taxon (Fig. 2.13).  
Ulna 
 The ulna in sauropods is a robust element (Fig. 2.16).  The proximal end is triradiate (Fig. 
2.16B) and composed of three processes (lateral, medial, and posterior).  The medial process is the  
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Figure 2.10.  Digitized sauropod left humeri in a) anterior and b) posterior views. 1) Diplodocus (BYU 
681 – 4742), 2) Apatosaurus (AMNH6114), and 3) Camarasaurus (MWC2842).  Abbreviations: 
hh = humeral head, dpc = deltapectoral crest , lc = lateral condyle, mc = medial condyle, ir = 
intracondylar ridges, af = anconeal fossa. 
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Figure 2.11.  Chart of sauropod humeri length/least breadth. 
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Figure 2.12.  Digitized right radius of Diplodocus (BYU 681 – 4726) in A) posterior, B) proximal, C) 
anterior, and D) medial views. Abbreviations: uls = ulna ligament scar, Ant  = anterior, Post = 
posterior. 
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Figure 2.13.  Digitized sauropod right radii in a) anterior and b) posterior views.  1) Apatosaurus 
(BYU 681 – 4711), 2) Diplodocus (BYU 681 – 4726), and 3) Camarasaurus (AMNH664).  
Abbreviation: uls = ulnar ligament scar.  
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Figure 2.14.  Chart of sauropod radii length/least breadth. 
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Figure 2.15. Photograph of A) YPM 1901, Camarasaurus left radius in posterior view and B) 
P25182, Camarasaurus right radius in posterior view. Scale = 20 cm.  Abbreviations: uls = ulnar 
ligament scar. 
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longest of the three processes and articulates so that it is oriented anteromedially (Fig. 2.16B).  The 
lateral process is usually thicker than the medial process and shorter overall (Fig. 2.16B).  The proximal 
radius articulates in the anterior fossa (Figs. 2.16A and 2.16B) created by the lateral and medial 
processes of the ulna so that the radius is oriented proximally cranial to the ulna (Bonnan, 2001).  The 
term “posterior process” is used here instead of the more common term “olecranon process”(i.e. Wilson 
and Sereno, 1998) because the ulnae in all North American Jurassic sauropods lack an olecranon 
process projecting dorsal to the articular surface of the ulna.  The posterior process is assumed here to 
be the portion of the ulna posterior to the humerus.  This process is triangular in shape and is angled 
caudoventrally in all the taxa discussed here (Figs. 2.16B and 2.16D)  A prominent dorsal ridge, 
dividing the articular potion of the ulna (sloping cranioventrally) from the posterior process (sloping 
caudoventrally), is visible in lateral view (Figs. 2.17.1C, 2.17.2C, and 2.17.3C).  This ridge is 
analogous to the anconeal process of mammals and marks the caudal extent of the antebrachial joint.  
The ulnar shaft decreases in size below the ulnar processes to the distal end of the ulna (Fig. 2.16C).  A 
radial ligament scar located on the proximolateral surface of the distal ulna indicates the distal articulation 
surface with the radius (Fig. 2.16A).  The shaft of the ulna has a triangular cross section and the distal 
end appears triangular when viewed from below (Fig. 2.16C). 
 The main characters of the ulna that aid in taxonomic identification include overall robustness, 
orientation of the posterior process, relative size of the medial and lateral processes to one another, and 
development of the dorsal ridge.  As with all other forelimb elements, the ulna of Apatosaurus is the 
most robust of all known Jurassic taxa (Fig. 2.17.1 and Fig. 2.18).  The ulnae of Camarasaurus and 
Diplodocus are indistinguishable from one another based on robustness (Fig. 2.18).  Camarasaurus 
differs from all known diplodocids in having a posterolaterally directed posterior process (Fig. 
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2.17.2B).  In Diplodocus and Apatosaurus, the posterior process is directed caudally without a lateral 
component.  In Camarasaurus, the medial process is noticeably longer than the lateral process (Fig. 
2.17.2B).  In Diplodocus, both processes are nearly equal in length (Fig. 2.17.3B).  The dorsal ridge in 
Camarasaurus is somewhat more prominent than in diplodocids (Fig. 2.17.2C).  There are no 
described ulnae from North American Jurassic brachiosaurs, Haplocanthosaurus, or Barosaurus.  
PELVIC GIRDLE 
Ilium 
 The ilium in sauropods is expanded both dorsally and anteriorly and has a prominent 
preacetabular blade (Fig 19).  The pubic peduncle is elongate and gracile relative to the size of the ilium 
(Fig 19A) and mediolaterally expanded (Figs. 2.19C and 2.19D).  The ischiatic peduncle is poorly 
developed as a small rounded process at the posterior margin of the acetabulum (Fig. 2.19A).  The 
ventral surface of the ilium forms the dorsal half of the acetabulum.  The ventral surface of the 
acetabulum is expanded medially to form a widened flange (Fig. 2.19D).  The dorsal border of the ilum 
is rounded and forms a gentle curve which varies in height among taxa (Fig. 2.19A).  In dorsal view, the 
preacetabular blade of the ilium curves laterally creating a sacral profile that is wide anteriorly and 
narrow posteriorly (Fig. 2.19B).  A variable number of longitudinal ridges mark the sacral rib 
attachment points on the medial side of the ilium.  The edges of the ilium are relatively thick, but the 
bone thins toward the center and the areas between the sacral rib attachments are only a few millimeters 
thick.  Many ilia lack much of their surface bone due to poor preservation.  
Sauropod ilia differ generically primarily in the relative length of the pubic peduncle, relative 
height of the ilium, and the shape of the preacetabular process.  The ilium of Camarasaurus is perhaps 
the most distinctive of all the well known genera from the Morrison Formation.  Based on personal  
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Figure 2.16.  Digitized left ulna of Apatosaurus (BYU 681 – 4719) in A) anterior, B) proximal, C) 
distal, and D) posterior views. Abbreviations: mp = medial process, af = anterior fossa, lp = lateral 
process, pp = posterior process, rls = radial ligament scar.  
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Fgure 2.17.  Digitized sauropod right ulnae in a) anterior, b) anterior, and c) lateral views. 
1) Apatosaurus (BYU 681 – 4719), 2) Camarasaurus (AMNH664), 3) Diplodocus (BYU 681 
– 4726).  Abbreviations: mp = medial process, lp = lateral process, pp = posterior process, rls 
= radial ligament scar.  
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observations, the pubic peduncle in Camarasaurus is the longest of the known North American 
Jurassic sauropod taxa with the exception of Brachiosaurus (Fig. 2.20C) (McIntosh, 1990b). The ilium 
of Brachiosaurus can be distinguished from that of Camarasaurus, however, by its expanded 
preacetabular process and the high angle of its iliac blade (McIntosh, 1990b).  Camarasaurus ilia can 
also be distinguished from diplodocid and Haplocanthosaurus ilia by the height of its iliac blade 
(Hatcher, 1903a).  In Haplocanthosaurus, the ilium is very narrow and the dorsal  
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Figure 2.18.  Chart of sauropod ulnae length/least breadth. 
surface is almost straight (Hatcher, 1903a).  In diplodocids, the ilium is intermediate in height between 
that of Camarasaurus and Haplocanthosaurus (Figs. 2.20A and 2.20B).  The preacetabular process 
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in Camarasaurus is “hooked,” while those in most diplodocid ilia have a straight ventral border (Fig. 
2.20). 
Ischium 
 The ischium in sauropods is posterior to the pubis and is directed caudally to caudoventally.  
The proximal end of the ischium is composed of a dorsoventrally directed iliac process which articulates 
with the ischiatic peduncle of the ilium (Fig. 2.21).  Just anterior to the iliac process, the anterior surface 
of the ischium flares laterally to form the posteroventral quarter of the acetabulum (Figs. 2.21.1a, 
2.21.2a, and 2.21.3a).  The anterior surface of the ischium consists of an expanded flange that 
articulates with the posterior surface of the pubis.  Posteriorly the ischium narrows and continues back 
to articulate with its mate at their distal ends, along the ventromedial distal articular surface (Figs. 
2.21.1a, 2.21.2a, and 2.21.3a).  The distal end of the ischium is variably expanded dorsoventrally (Figs. 
2.21.1a, 2.21.2a, and 2.21.3a).   
Key features of the ischium include fusion of the distal ischia, expansion of the distal ischia, 
orientation of the ischial shaft, morphology of the anterior ischium, and the angle of articulation of the 
distal ischia.  In all diplodocids examined by the author, the distal ends of the ischia are fused in adult 
individuals; however, this feature is rare even in adult specimens of Camarasaurus.  While the sample 
size is very small (~5), it would appear that fused ischia are at least prevalent in Haplocanthosaurus 
(Mcintosh, pers. comm.).  Diplodocid ischia have expanded distal ends (Figs. 2.21.1a and 2.21.2a) 
while in Camarasaurus, Haplocanthosaurus, and Brachiosaurus, the distal end of the ischium is not 
expanded (Fig. 2.21.3a).  The shaft of the ischium in diplodocids is directed caudoventrally (Figs. 
2.21.1a and 2.21.2a), while in Camarasaurus and Haplocanthosaurus the ischial shaft is rotated 90 
degrees relative to the proximal end and directed ventrally nearly parallel to the body axis (Fig.  
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Figure 2.19.  Digitized right ilium of Camarasaurus (DNM1253) in A) lateral, B) dorsal, C) anterior, 
and D) ventral views.  Abbreviations: ppp = preacetabular process, ip = ischiatic peduncle, ppd = 
pubic peduncle, acet = acetabulum.  
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Figure 2.20.  Digitized sauropod right ilia in lateral view.  A) Apatosaurus (CM21746), B) Diplodocus 
(DNM1018), C) Camarasaurus (DNM1253).  Abbreviations: ppp = preacetabular process, ip = 
ischiatic peduncle, ppd = pubic peduncle, acet = acetabulum. 
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2.21.3a).  Diplodocid ischia are very similar and both Apatosaurus and Diplodocus have a hook-
shaped process on the anterior margin of the pubic symphysis (Figs. 2.21.1a and 2.21.2a).  The distal 
ischia of Apatosaurus and Diplodocus fuse at different angles, with that of Diplodocus fusing at an 
obtuse angle (~100º; Fig. 2.21.2B) and Apatosaurus at an acute angle (~80º; Fig. 2.21.1B). The distal 
ischia of both Camarasaurus and Haplocanthosaurus are joined along the medial edge of the distal 
shaft (Fig.21.3B).  In one diplodocid taxon, Seismosaurus, the distal end of the ischium is hook-shaped 
(Gillette, 1991).  Although this feature is cited as a generic character (Gillette, 1991), it seems more 
likely to be an ontogenetic effect due to the extreme old age of that individual because the outline of the 
original distal ischium is evident in the figures of the bone (see Gillette, 1991). 
Pubis 
 The pubis in sauropods is located anterior to the ischium and is directed anteroventrally in all 
known sauropod genera. The proximal end of the pubis is expanded mediolaterally and articulates with 
the pubic peduncle of the ilium (Fig. 2.22).  In some genera, the anterior margin of the pubis has a 
noticeable ambiens process (Figs. 2.22.1a and 2.22.2a).  The posterodorsal border of the pubis forms 
the anteroventral quarter of the acetabulum.  The obturator foramen is incorporated into the 
caudodorsal margin of the pubis (Figs. 2.22.1a, 2.22.2a, and 2.22.3a).  Based on personal 
observations, this foramen is usually open in young individuals, but it is always closed in adults.  The 
posterior margin of the proximal end of the pubis forms the articular surface with the ischium (Figs. 
2.22.1a, 2.22.2a, and 2.22.3a).  The shaft of the pubis is mediolaterally compressed and is much more 
massive than the ishial shaft.  A flange of bone beginning below the articular surface with the ischium 
wraps around the shaft ventrolaterally to form an enclosed pubic “apron” (Figs. 2.22.1b, 2.22.2b, and 
2.22.3b).  The distal end of the pubis is greatly expanded relative to the pubic shaft with a roughly  
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Figure 2.21.  Digitized sauropod ischia in a) right medial view and b) articulated in posterior view. 1) 
Apatosaurus (BYU 681 – 10687), 2) Diplodocus (DNM1227), 3) Camarasaurus (UUVP4350 
(cast)). Abbreviations: ilp = iliac peduncle, acet  = acetabulum, pa = pubic articular surface, das = 
distal articular surface, sym = ischial symphasis. 
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triangular cross-section.  A large triangular articular surface is present on the medial side of the distal 
end for articulation of the pubes (Figs. 2.22.1a, 2.22.2a, and 2.22.3a).   
 The main characteristics of the pubis useful for taxonomic differentiation include the presence or 
absence of an ambiens process, the shape of the ambiens process if present, and the relative size of the 
obturator foramen.  Diplodocids are the only North American Jurassic sauropods which have an 
ambiens process (Figs. 2.22.1a and 2.22.2a) (McIntosh, 1990b).  Diplodocus pubes have a hook-like 
ambiens process and Apatosaurus has a rounded ambiens process.   Haplocanthosaurus and 
Camarasaurus show no indication of an ambiens process on the pubis (Fig. 2.22.3a).  
Haplocanthosaurus, however, has a very large obturator foramen which distinguishes it from 
Camarasaurus and diplodocids (Fig 2.23). 
HINDLIMB 
Femur 
 The femur in sauropods is a massive, anteroposteriorly compressed bone (see below for the 
exception; Fig. 2.24).  The proximal end of the femur lacks both a well-defined head and an anterior 
trochanter.  A well-defined fourth trochanter is located about one third of the way down the femoral 
shaft on the posterolateral margin (Figs. 2.24B and 2.24C).  The femoral shaft narrows below the fourth 
trochanter, reaching its narrowest point about two-thirds of the way down the femur.  The distal end of 
the femur is expanded mediolaterally and the distal condyles are expanded posteriorly (Fig. 2.24B).  
The lateral (fibular) condyle is the largest and has an intracondylar groove, which separates the lateral 
condyle into posterior and lateral subcondyles (Fig. 2.24C).  The medial (tibial) condyle is smaller than 
the lateral condyle and lacks an intracondylar groove (Fig. 2.24C).  The distal condyles are separated 
anteriorly by a weak intercondylar groove and posteriorly by a deep intercondylar groove (Fig. 2.24C). 
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Figure 2.22.  Digitized sauropod pubes in a) right medial view and b) articulated in posterior view.  1) 
Apatosaurus (CM563), 2) Diplodocus (BYU 681 – 12915), 3) Camarasaurus (UUVP4939 (cast)).  
Abbreviations: ip = ischiatic peduncle, of = obturator foramen, ias = ischial articular surface, das = 
distal articular surface amb = ambiens process. 
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 The diagnostic aspects of the femur include the shape of the femoral head, the robustness of the 
shaft, and the shape and relationship of the distal condyles.  The two most difficult femora to tell apart 
among the common Jurassic taxa are those of Apatosaurus and Camarasaurus.  Camarasaurus has 
a more distinct femoral head than Apatosaurus (MacIntosh, pers. comm.), and the distal condyles are 
perpendicular to the femoral shaft (Figs. 2.25.1 and 2.25.3).  Apatosaurus lacks a distinct femoral 
head, and the medial (tibial) condyle is longer than the lateral (fibular) condyle (Fig. 2.25.1). 
 
Figure 2.23.  Photograph of left pubis of Haplocanthosaurus priscus (CM10380) in lateral view.  
Abbreviation: ias = ilial articular surface. 
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The elongate femoral condyle is, in fact, characteristic of all known North American diplodocids 
(Foster, pers. comm.).  The femur of Diplodocus is gracile relative to that of Apatosaurus and 
Camarasaurus, but is very difficult to distinguish from that of Barosaurus (Fig. 2.25.2 and 2.26).  
Wilson and Sereno (1998) contend that one diplodocid taxon, Amphicoelias, is characterized by 
having a circular femoral cross-section.  However, my analyses of femora from the Dry Mesa Quarry of 
western Colorado shows that, in at least one quarry, approximately half of the Diplodocus femurs have 
a circular or sub-circular cross-section.  The most likely explanation for this observed ratio is sexual 
dimorphism, because there is no other evidence that more than one species of Diplodocus is present, 
and no known Amphicoelias elements have been identified from the site (Curtice and Wilhite, 1996).   
Tibia 
 The tibia in sauropods is quite massive relative to the fibula and articulates with the medial 
condyle of the femur (Fig. 2.27).  The proximal end of the tibia is broad and flat, tapering rapidly to a 
laterally compressed shaft.  A prominent cnemial crest extends from the proximomedial border of the 
tibia, beginning just distal to the proximal articular surface and ending about one quarter of the way 
down the shaft of the tibia (Figs. 2.27.1a and c, 2.27.2a and c, 2.27.3a and c).  The shaft of the tibia 
maintains a relatively constant width from the base of the cnemial crest to a point about three quarters of 
the way down the tibia where the distal end starts to flare anteriorly as well as laterally.  The distal end 
of the tibia consists of an anterior and a posterior process divided by a relatively broad lateral groove 
(Figs. 2.27.1b, 2.27.2b, and 2.27.3b).  The posterior process is the longer of the two and the anterior 
process has a significant cranial expansion.  The shape of the distal end of the tibia closely mirrors that 
of the dorsal surface of the astragalus with which it articulates. 
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Figure 2.24.  Digitized right femur of Diplodocus (BYU 681 – 17014) in A) anterior, B) lateral, and C) 
posterior views.  Abbreviations: fh = femoral head, ft = fourth trochanter, fc = fibular condyle, tc = 
tibial condyle, inter = intercondylar groove, intra = intracondylar groove. 
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Figure 2.25.  Digitized sauropod right femora in a) anterior, b) lateral and C) posterior views.  1) 
Apatosaurus (BYU 601 – 17103), 2) Diplodocus (BYU 681 – 17014), and 3) Camarasaurus (Cast 
of YPM5723).  Abbreviations: fh = femoral head, ft = fourth trochanter, fc = fibular condyle, tc = tibial 
condyle. 
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Figure 2.26.  Chart of sauropod femora length/least breadth. 
The best taxonomic indicators of the tibia include the relative size of the cnemial crest, the 
curvature of the shaft, overall robustness, and the shape of the distal end of the tibia.  The cnemial crest 
in diplodocids is proportionally larger than in Camarasaurus and Haplocanthosaurus (Figs. 2.27.1 
and 2.27.2).  Within the diplodocids, Apatosaurus has the largest cnemial crest of all the North 
American taxa.  The anterior margin of the tibia in Apatosaurus forms a long shallow bow due to the 
large cnemial crest (Fig. 2.27.1a).  In Camarasaurus, the anterior margin of the tibial shaft is straighter 
below the small cnemial crest (Fig. 2.27.3a).  Diplodocus and Barosaurus tibiae can be distinguished 
from Camarasaurus and Apatosaurus by the gracile nature of the tibial shaft (Fig. 2.27.2 and Fig. 
2.28).  While Camarasaurus and Apatosaurus tibiae have very similar robustness (Fig. 2.28), the 
  56 
distal end of the tibia in Camarasaurus is expanded primarily mediolaterally, while in Apatosaurus the 
distal end of the tibia is expanded craniocaudally (Figs. 2.27.1b and 2.27.3b). 
Fibula 
The fibula in sauropods is a long slender element and is always longer than the corresponding tibia (Fig. 
2.29).  The proximal end of the fibula is expanded caniocaudally with the most prominent feature being 
a large triangular tibial ligament scar on the medial side extending from the proximoposterior border 
diagonally to the anterior border of fibula between one fifth and one third of the way down the shaft 
(Figs. 2.29.1c, 2.29.2c, and 2.29.3c).  In lateral or medial view, the head of the fibula is relatively 
straight posteriorly, but bows noticeably anteriorly.  Below the well defined head, the shaft of the fibula 
narrows down to the distal end.   
The most noticeable feature of the fibular shaft is the prominent muscle scar for the insertion of 
M. iliofibularis located just short of halfway down the lateral side (Figs. 2.29.1a and b, 2.29.2a and b, 
and 2.29.3a and b).  Below this muscle scar, the anterior edge of the fibula is very narrow compared to 
the posterior edge.  The distal end of the fibula is expanded slightly anteroposteriorly with a large medial 
expansion forming an astagalar process (Figs. 2.29.1b, 2.29.2b, and 2.29.3b) which fits into the fibular 
fossa on the astagalus. 
 The distinguishing characters of the fibula include the shape of the proximal end, the nature of 
the transverse ligament scar, and overall robustness.  As with the tibia, the robustness of the fibula in 
Camarasaurus and Apatosaurus is very similar.  In Camarasaurus the proximal end of the fibula is 
anteriorly divergent from the main shaft of the fibula (Fig. 2.29.3).  In diplodocids there is no noticeable 
divergence of the proximal end of the fibula from the shaft (Figs. 2.29.1 and 2.29.2).  One exception to 
this character is Camarasaurus grandis (from Como Bluff, Wyoming) in which the proximal end of the 
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fibula does not diverge from the shaft.  Another feature that may help distinguish Camarasaurus and 
Apatosaurus is the nature of the transverse ligament scar on the medial side of the fibula.  In 
Camarasaurus, the anterodistal portion of the ligament scar forms a medial prominence (Figs. 2.29.3b 
and c) while in Apatosaurus, there is no prominence (Figs. 2.29.1b and c).  In addition, the transverse 
ligament scar of Camarasaurus extends farther down the medial shaft of the fibula (about one-third; 
Fig. 2.29.3c) than it does in Apatosaurus (about one-fifth; Fig. 2.29.1c).  Diplodocus fibulae are most 
easily identified by the extremely gracile fibula shaft (Fig. 2.29.2 and Fig. 2.30).  Otherwise the features 
of the Diplodocus fibula are very similar to those seen in Apatosaurus. 
DISCUSSION 
 The usefulness of any element as a taxonomic indicator is at least partially related to its 
preservation potential.  Flat bones such as the scapula, coracoid, ilium, and sternals are frequently 
distorted during the diagenesis of the rocks in which they are found.  Also, these same elements are very 
thin in places and these areas are frequently preserved poorly, if at all.  Appendicular elements with 
excellent preservational potential include the humerus, radius, femur, and tibia.  These bones are all 
relatively short and robust, compared to the other appendicular elements, with few thin processes.  The 
remaining appendicular elements (ulna, pubis, ischium, and fibula) are frequently well preserved but each 
has peculiarities that limit its preservation potential.  The sauropod ulna has medial and lateral processes 
which are relatively thin and at approximate right angles to one another.  These processes are easily 
deformed by diagenetic alteration.  The pubis is a massive element, but the posterior border is thin and 
many times is not preserved.  The ischium is a long, thin (relative to its width) bone with a thin anterior 
edge.  It is, therefore, susceptible to diagenetic effects, such as warping, and poor preservation.  The 
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fibula is very long and thin relative to the other appendicular elements, and it is very common to see 
fibulae with the shaft bent in several places 
 
Figure 2.27.  Digitized sauropod right tibiae in a) lateral, b) distal, and c) anterior views.  1) 
Apatosaurus (CM556), 2) Diplodocus (BYU 681 – 4718), 3) Camarasaurus (YPM5861).  
Abbreviations: cc = cnemial crest, ap = anterior process, pp = posterior process, lg = lateral groove. 
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Figure 2.28.  Chart of sauropod tibiae length/least breadth. 
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Figure 2.29.  Digitized sauropod right fibulae in a) lateral, b) anterior and c) medial views.  1) 
Apatosaurus (BYU 681 – 12804), 2) Diplodocus (MWC No #), 3) Camarasaurus (KUVP 573).  
Abbreviations: if = M. iliofibularis insertion scar, ap = astragalar process, lp = medial prominence.  
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Figure 2.30.  Chart of sauropod fibulae length/least breadth. 
 
 
 
 
 
 
 
 
 
 
  62 
due to diagentic alteration of the bone after burial.  Knowing these potential preservational problems 
and the taxonomically significant morphological features of each bone, it is possible to consider the 
usefulness of each element as generic identifier. 
Sternals are of little taxonomic significance below the level of family.  The cartilaginous nature of 
the majority of the sauropod sternum suggests that ossification of the sternal plates varied with age.  
Juvenile sauropod sternal plates differ in shape from those of adults.  Also, individual variation within 
genera is not well documented.   
The usefulness of the coracoid for taxonomic identification is limited because considerable 
variation can be observed within genera.  Also, many characteristics of the coracoid are based on 
relative differences between taxa and are difficult to assess in single specimens; however, the 
quadrilateral coracoid of Apatosaurus is unique, allowing most apatosaur coracoids to be identified 
with confidence even in the absence of other elements.  Filla and Redman (1994), however, have shown 
that at least one Apatosaurus species, A. yahnahpin, from the lower third of the Morrison Formation 
of Wyoming, had an oval coracoid with rounded margins, a discovery which calls into question the 
generic identification of isolated coracoids that do not exhibit the typical Apatosaurus morphology.           
Scapulae are very useful for taxonomic identification.  Even partial scapulae can, in many cases, 
be identified as to genus; however, uncommon taxa such as Supersaurus and Seismosaurus are very 
likely to be identified as more common Morrison taxa such as Diplodocus and Barosaurus, which they 
closely resemble.  Filla and Redman (1994) documented such a case by pointing out that the scapula of 
A. yahnahpin was originally identified as a cetiosaur based on its morphology, although subsequent 
material clearly demonstrated the scapula belonged to an apatosaur.   
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 Humeri are excellent elements for generic identifications; however, the identification of 
incomplete diplodocid specimens can be difficult because taxonomic affinities are based on robustness 
and no single portion of the humerus is diagnostic.  In addition, A. yahnahpin has a gracile humerus like 
that of Camarasaurus (Least Breadth/Length = 0.16) so robustness alone will not help separate 
diplodocid and Camarasaurus humeri.  Nonetheless, as more specimens are described and prepared, 
it may prove possible to separate some species based on robustness.  For instance, Apatosaurus 
louisae from Dinosaur National Monument is much more robust than any other Apatosaurus species 
thus far known (McIntosh, 1990a).   
 Based on morphological features and measurements, the radius is not useful for differentiating 
sauropods at even the family level, and identifications should be based on other more diagnostic 
elements.  However, within a given quarry it is sometimes possible to distinguish between genera based 
on robustness alone, as can be seen in radii from Dinosaur National Monument (see Table B.4). 
The ulna is of some use as a taxonomic indicator.  Overall robustness is the key to distinguishing 
between Apatosaurus and Diplodocus (Fig. 2.18); however, there are definite morphological 
differences between Camarasaurus and diplodocids.  Given well preserved material, it is possible to 
assign at least family level identifications to isolated elements and given the presence of all the key 
features noted above, many can be identified at the generic level as well. 
 The ilium is a moderate to poor taxonomic indicator in most cases due to the poor preservation 
of most specimens which hinders identification of many specimens beyond the level of sauropod.  Well 
preserved ilia, however, may be easily identified to family based on the suite of characters given above. 
The ischium is very useful as a taxonomic indicator because of the taxonomic significance of the 
ischium’s shape.  Even partially preserved ischia can almost always be identified to family.  If the distal 
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ends are present, Diplodocus and Apatosaurus ischia can be distinguished by the angle at which the 
ischia join; however, there are not enough specimens of most of the rarer sauropods (i.e. Supersaurus) 
to truly assess morphological variation of the ishia in those taxa.  
The pubis is a relatively poor element for taxonomic identification.  Unless the proximal end is 
well preserved, it is virtually impossible to assign even a family identification to many pubes.  Well 
preserved elements, however, can often be identified to genus.   
The femur is a very reliable taxonomic indicator; however, Camarasaurus and Apatosaurus 
femurs are easily confused and, when possible, these taxa should be identified based on a suite of 
femoral characters.  Because identification of many femora rely on the morphology of the proximal and 
distal ends, it is important to make sure that these surfaces are relatively complete and uneroded. 
The tibia is a fairly diagnostic element for taxonomic differentiation; however, based on the tibiae 
examined in this study, it is still unclear how to separate Diplodocus and Barosaurus tibiae.  Also, if the 
cnemial crest is broken or poorly preserved, the differences between Apatosaurus and Camarasaurus 
tibiae can be very difficult to discern because tibial robustness overlaps (Fig. 2.28).  As with most other 
limb elements, identifications should be based on more than one feature of that element. 
Fibulae can be used as taxonomic indicators but should not be relied on for a positive generic 
identification.  As mentioned above for other elements, it will always be difficult to tell Diplodocus from 
Barosaurus.  I have observed that fibulae are easily distorted during diagenesis and it is often difficult to 
distinguish the subtle features that differentiate genera; however, given well preserved material, fibulae 
can frequently be identified tom genus with confidence based on overall robustness (Apatosaurus vs. 
Diplodocus) (Fig. 2.30) or morphological features (Camarasaurus vs. diplodocids). 
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CONCLUSIONS 
 The two key factors that influence the usefulness of a given appendicular element as a taxonomic 
indicator are preservation potential and the presence of taxonomically significant morphological features.  
Based on observations of over 500 individual appendicular elements, the best appendicular elements for 
taxonomic identification of North American Jurassic sauropods at the generic level appear to be the 
scapulocoracoid, humerus, femur, and ischium.  Given good preservation, however, any appendicular 
element may be identifiable at the genus level.  The most important aspect of sauropod research 
involving appendicular material is to observe and measure enough material to determine the range of 
variation.  While it may be said that variation within the appendicular skeleton of Diplodocus, 
Apatosaurus, and Camarasaurus is well understood, numerous taxa known only from a single 
specimen or small numbers of specimens remain enigmatic.  The detailed morphological descriptions 
given above are intended to be a first step in understanding the range of qualitative morphological 
variation in the appendicular skeletons of sauropods.     
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CHAPTER 3.  THE APPENDICULAR MUSCULATURE OF THE AMERICAN 
ALLIGATOR, ALLIGATOR MISSISSIPPIENSIS 
 
INTRODUCTION 
 The musculature in Alligator has been described by several authors (Romer, 1923; 
Gatesy, 1990; Reese 1915; and Chiasson, 1962 among others).  Of these, two were overall 
treatises on Alligator (Reese, 1915 and Chiasson, 1962), with one focused on pelvic musculature 
(Romer, 1923), and the other only on M. caudofemoralis longus (Gatesy, 1990).  The purpose of 
this paper is to reevaluate the origin, insertion, form, and function of appendicular muscles as 
described in these previous papers, and to report on undescribed structures.  The superficial 
musculature is described followed by successively deeper muscular layers.  I have attempted to 
provide illustrations of as many muscles as possible; however, it is impractical to illustrate some 
muscles because of their size or location.  Finally, any significant differences between published 
descriptions and those given here are noted. 
MATERIALS AND METHODS 
 Approximately six individual specimens of Alligator mississippiensis, from 1 – 2 meters 
in length, were dissected in detail for this study.  Six other individuals, from 1 to 2.5 meters, 
were dissected as fresh tissue and skeletonized to determine areas of muscle origin and insertion 
on the bones.  Dissections were photographed at each level of dissection, and origin and insertion 
information was recorded, but the descriptions given here were written with the specimens in 
hand to verify previous observations.  Muscles were identified based on the general descriptions 
given by Reese (1915) and Chaisson (1962), however, descriptions of each muscle presented 
here were made solely based on the specimens in hand and only later compared to published 
descriptions.  Many muscles have been given different names by different authors.  Muscle 
names used here are based either on their origin and insertion (e.g. M. femorotibialis) or their 
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recognized mammalian homologues (e.g. M. pectoralis).  Muscle functions were determined by 
manual manipulation of each muscle.  Drawings  for figures were made using Adobe Illustrator 
10.0.  Muscles and muscle fiber directions were traced over dissection photographs and then 
placed above the original photo to better illustrate the form of each muscle. 
EXTRINSIC MUSCLES OF THE FOREARM  
Superficial Extrinsic Musculature  
M. pectoralis (Figs. 3.1 and 3.2) 
 M. pectoralis is a broad, thick fanshaped muscle which forms the ventral contours of the 
chest.  M. pectoralis is composed of two heads that are designated here as M. pectoralis, anterior 
and M. pectoralis, posterior.  The origin of the anterior head is the lateral edge of the episternum, 
immediately anterior to the posterior head.  The anterior head interdigitates with the posterior 
head and inserts caudal to it via a stout tendon to the medial surface of the deltapectoral crest.  
The posterior head originates from the lateral and ventral surfaces of the cartilaginous sternum 
and ossified interclavicle, the medial margins of the sternal ribs, the first gastralum, and the 
fascia of M. external oblique.  M. pectoralis, posterior, inserts with M. pectoralis, anterior, via a 
stout tendon to the medial surface of the deltapectoral crest of the humerus.  M. pectoralis 
adducts the forelimb and draws the humerus ventrally. 
M. trapezius (Figs. 3.1 and 3.2) 
 M. trapezius is a broad, thin, fanshaped muscle that is clearly visible in lateral view 
cranial to the shoulder and overlying the anterior half of M. dorsalis scapulae and the posterior 
half of M. levator scapulae.  M. trapezius originates from the thick dorsal fascia covering the 
dorsal musculature of the cervical vertebrae and inserts on the acromion ridge, the proximal half 
of the cranial edge of the blade of the scapula, the belly of M. deltoideus scapularis, and onto the 
aponeurosis which wraps around the ventral portion of the shoulder joint.  Muscle fibers form 
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three definable portions of M. trapezius.  The most anterior group is straplike and constitutes the 
majority of the muscle’s mass inserting onto the acromion ridge and, with M. levator scapulae, 
onto the belly of M. deltoideus scapularis.   The middle group is wedgeshaped and originates 
over a fairly broad area, but inserts as a small slip onto the dorsal part of the acromion ridge.  
The posterior group is intermediate in shape between the straplike anterior group and the 
wedgeshaped middle group. The posterior group inserts onto the most dorsal part of the 
acromion ridge as well as the cranial edge of the proximal half of the scapular blade. The 
function of this muscle is primarily to pull the scapula (and thus the forelimb) dorsally, but M. 
trapezius also pulls the shoulder forward slightly. 
M. lattisimus dorsi (Fig. 3.1) 
 M. lattisimus dorsi is a broad fanshaped muscle located caudal to the shoulder joint.  It 
covers the caudal third of M. teres major and the cranial half of M. serratus posterior.  M. 
lattisimus dorsi is twice as thick as M. trapezius, which it externally resembles.  M. lattisimus 
dorsi originates from the thick fascia coming off the neural spines of the last cervical and first 
four thoracic vertebrae and inserts with M. teres major via a narrow stout tendon to the 
prominent ridge on the proximodorsal surface of the humerus, directly dorsal to the deltapectoral 
crest.  M. lattisimus dorsi adducts the humerus and draws it dorsally.  
Deep Extrinsic Musculature  
M. levator scapulae (Figs. 3.1 and 3.2) 
 M. levator scapulae is a large, triangular muscle with longitudinal muscle fibers that can 
be seen in lateral view after transaction of M. trapezius.  M. levator scapulae is triangular in cross 
section and broadens considerably from its origin caudally towards the scapula.  The M. levator 
scapulae originates from the caudolateral surface of the first cervical rib, along with M. 
sternomastoideus, and via a strong tendon from the base of M. longus colli.  M. levator scapulae 
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inserts fleshily (without a visible tendon of insertion) onto the cranioproximal border of the 
scapula as well as the craniodorsal portion of M. deltoideus scapularis.  M. levator scapulae 
draws the shoulder forward. 
M. rhomboideus 
 M. rhomboideus is very small in Alligator and consists of two thin, short heads that lie 
under the superscapular cartilage and can just be seen rising above the dorsal border of the 
scapula deep to M. tapezius. The anterior head is the larger of the two, and both heads originate 
from the thick fascia covering M. longissimus dorsi at the level of the dorsal border of the 
scapula and insert almost entirely on the medial surface of the suprascapular cartilage.  Only a 
few fibers of the anterior head insert on the extreme dorsomedial border of the ossified scapular 
blade.  M. rhomboideus pulls the scapula to the body, elevates the scapula during the high walk 
phase, and, possibly, pulls the scapula slightly forwards as well. 
M. serratus anterior 
 M. serratus anterior is a broad thin muscle that lies deep to the scapula and is composed 
of at least two portions.  The cranial portion is composed of approximately six distinct slips 
while the caudal portion is more homogeneous and thicker than the cranial portion. M. serratus 
anterior originates from the last three or four cervical ribs (C6 or C7 C9).  The caudal portion 
originates exclusively from the cervical ribs of C8 and C9.  The M. serratus anterior inserts in a 
semicircular pattern on the medial surface of the scapula around the border of M. subscapularis.  
The cranial portion inserts as a series of fleshy slips onto the anteromedial surface of the scapular 
blade around the border of M. subscapularis to its apex.  The caudal portion inserts from the 
caudal extent of the cranial portion to the posterior border of the scapula where it joins with the 
tendon of M. serratus posterior.  M. serratus anterior draws the scapula to the body wall. 
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M. serratus posterior (Fig. 3.1) 
 The M. serratus posterior is a wide muscle lying deep to M. latissimus dorsi and 
composed of three distinct bundles.  The most ventral of these bundles originates from the end of 
the ninth cervical rib.  The middle bundle originates from the uncinate process of the first and 
dorsal rib and the dorsal, and largest, bundle originates from the uncinate process of the second 
thoracic rib.  All three bundles come together and insert via a short stout tendon to the entire 
caudal border of the suprascapular cartilage and scapular blade between M. subscapularis and M. 
teres major.  M. serratus posterior draws the scapula caudally and medially to the body. 
M. costocoracoideus 
 M. costocoracoideus is a short flat muscle running from the sternum to the coracoid, deep 
to M. pectoralis.  The muscle is composed of two muscular bundles.  The most dorsal bundle 
originates from the end of the ninth cervical rib just caudal to the origin of M. serratus posterior.  
The larger and more ventral bundle originates from the cranial border of the first sternal rib.  
Both bundles come together and insert fleshily onto the entire caudal border of the coracoid 
blade deep to M. coracobrachialis.  M. costocracoideus draws the coracoid caudally. 
THE INTRINSIC MUSCLES OF THE FORELIMB 
Muscles of the Shoulder 
M. dorsalis scapulae (scapular deltoid) (Figs. 3.1 and 3.2) 
 The caudal half of M. dorsalis scapulae can be seen lying just posterior to M. trapezius 
that covers its cranial portion.  M. dorsalis scapulae is a fusiform bipennate muscle originating 
fleshily from the anterior half of the suprascapula and the dorsal anterior half of the scapular 
blade.  M. dorsalis scapulae inserts via a stout narrow tendon to the lateral head of the humerus 
deep to the belly of M. deltoideus scapularis.  M. dorsalis scapulae rotates the humerus dorsally. 
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M. teres major (Fig. 3.1) 
M. teres major can be seen lying caudal to M. dorsalis scapulae and cranial to M. 
latissimus dorsi.  M. teres major is a fusiform muscle originating fleshily from the caudoventral 
portion of the suprascapula and the posterior dorsal half of the scapular blade.  M. teres major 
inserts with M. latissimus dorsi via a narrow stout tendon to the prominent ridge on the 
proximodorsal surface of the humerus directly dorsal to the deltapectoral crest. M. teres major 
pulls the humerus dorsally and adducts the forelimb. 
M. deltoides scapularis  (Scapular triceps) (Figs. 3.1 and 3.2) 
 M. deltoides scapularis is a broad thick muscle located just anterior to M. teres major and 
directly below the insertion of M. trapezius.  M. deltoides scapularis forms the posterior half of 
the fleshy “shoulder.”  M. deltoides scapularis originates fleshily from the lateral surface of the 
scapular spine and inserts fleshily on the lateral sur face of the deltapectoral crest.  Fibers from 
M. deltoides scapularis also interdigitate with the proximal portion of M. humeroradialis.  A 
small slip of muscle from the posterior M. deltoides scapularis also extends down the cranial 
surface of the humerus, becoming a small, thin tendon about half way down the humerus.  The 
small tendon runs down the distal cranial surface of the humerus and inserts on the tend inous 
loop which the humeroradialis passes through at the cranial surface of the elbow.  M. deltoides 
scapularis abducts the forearm. 
M. supracoracoideus (Figs. 3.1 and 3.2) 
 M. supracoracoideus is a broad muscle that lies just cranial to M. deltoides scapularis and 
forms the anterior portion of the fleshy “shoulder.”  M. supracoracoideus is composed of two 
heads.  The lateral head originates fleshily from the craniolateral margin of the coracoid and 
inserts via a short stout tendon to the proximal surface of the deltapectoral crest.  The medial 
head is straplike and broader at its origin than at its insertion, but is not visible superficially.  The 
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medial head originates fleshily from the craniomedial surface of the scapula.  The medial head 
then wraps around the craniomedial surfaces of the scapula and coracoid where it runs in a 
groove of the lateral head to insert with it to the deltapectoral crest.  M. supracoracoideus pulls 
the humerus forward and abducts the forelimb.  
M. scapulohumeralis (teres minor) 
 M. scapulohumeralis is a thick, fanshaped muscle that lies deep to M. teres major and the 
scapular head of M. anconeus.  M. scapulohumeralis originates fleshily from the posterolateral 
border of the proximal scapula, partially with fibers of M. subscapularis, and inserts on the 
dorsolateral part of the proximal end of the humerus between the scapular and humeral heads of 
M. anconeus.  M. scapulohumeralis draws the humerus dorsally and adducts the forelimb. 
M. coracoantebrachialis (Fig. 3.2) 
 M. coracoantebrachialis is a straplike muscle that lies between M. supracoracoideus and 
M. coracobrachialis.  M. coracoantebrachialis can be seen running down the anterior face of the 
brachium.  M. coracoantebrachialis originates via a broad thin tendon from the cranial edge of 
the proximal coracoid shaft and passes medial to the deltapectoral crest down the length of the 
humerus.  M. coracoantebrachialis then unites with M. brachialis inferior and the two insert 
together via a stout round tendon to the proximal end of the radius and ulna.  M. 
coracoantebrachialis flexes the antebrachium. 
M. coracobrachialis 
 M. coracobrachialis is a broad, thin fanshaped muscle that lies deep to M. pectoralis 
anterior, M. coracoantebrachialis, M. supracoracoideus, and M. deltoides scapularis.  M. 
coracobrachialis originates fleshily from almost the entire ventral surface of the coracoid and 
proximal ventral surface of the scapula and crosses the shoulder joint to insert posterior to the 
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deltapectoral crest over much of the proximoventral surface of the humerus.  M. coracobrachialis 
pulls the humerus forward and adducts the forelimb. 
M. subscapularis 
 M. subscapularis is a thick muscle which lies on the medial side of the scapula below the 
insertion of M. serratus anterior.  M. subscapularis originates fleshily from nearly the entire 
medial surface of the scapula ventral to the insertion of M. serratus anterior.  M. subscapularis 
passes between the tendons of origin of the coracoscapular head of M. anconeus and inserts via a 
short, broad stout tendon to the posterior edge of the humeral head just proximal to the origin of 
the humeral head of M. anconeus.  M. subscapularis draws the humerus dorsally and adducts the 
forearm.   
M. Anconeus (Figs. 3.1 and 3.2) 
 M. anconeus is a complex muscle composed of five separate heads (three humeral heads, 
one scapular head, and one scapulacoracoid head) which forms the major muscle mass of the 
brachium.  M. anconeus scapularis (scapular head) can be seen lying on the posterolateral side of 
the brachium just posterior to M. deltiodeus scapularis.  M. anconeus scapularis originates as a 
broad short tendon from the rugosity on the lateral surface of the scapula just anterior to M. teres 
minor.  M. anconeus scapularis then runs along the posterolateral surface of the humerus and 
merges with the fibers of M. anconeus humeralis lateralis.  The scapulacoracoid head (M. 
anconeus scapulocoracoideus) originates via two tendons.  A large stout tendon originates from 
the posterior edge of the coracoid just lateral to the origin of M. coracobrachialis and a smaller 
tendon originates from the posterior surface of the scapula between M. teres major and M. 
subscapularis.  The two tendons join to form a single, wide stout tendon medial to the insertion 
of M. subscapularis.  M. anconeus scapulocoracoideus then runs along the posterior surface of 
the brachium as a thick broad muscle and merges with the M. anconeus scapularis to insert on 
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the posterior process of the ulna.  M. anconeus humeralis lateralis originates fleshily from the 
lateral surface of the humerus just posterior to the M. humeroradialis and runs down the lateral 
surface of the humerus. M. anconeus humeralis medialis originates fleshily from the 
proximomedial surface of the humerus deep to the insertion of M. coracobrachialis and runs 
down the medial surface of the brachium and merges with M. anconeus major.  M. anconeus 
major originates fleshily from the entire anterior and ventral surfaces of the humerus and inserts 
via a thick stout tendon on the posterior process of the ulna.  M. anconeus extends the 
antebrachial joint. 
M. humeroradialis (Figs. 3.1 and 3.2) 
 M. humeroradialis is a thick round muscle with longitudinal fibers that originates from 
the anterolateral surface of the humerus distal to M. deltoides scapularis and cranial to M. 
anconeus lateralis.  M. humeroradialis runs down the cranial surface of the humerus and passes 
through a thick tendonous loop to insert onto the proximal radius via a stout round tendon. M. 
humeroradialis extends the antebrachium.  
PELVIC MUSCULATURE 
Superficial Dorsal Muscles 
M. extensor iliotibialis (Fig. 3.3) 
 M. extensor iliotibialis is composed of three heads (M. extensor iliotibialis anterior, M. 
extensor iliotibialis medialis, and M. extensor iliotibialis posterior).  M. extensor iliotibialis 
anterior is a small narrow muscle that originates fleshily from the anterior dorsolateral border of 
the ilium, immediately anterior to the origin of M. extensor iliotibialis medialis. M. extensor 
iliotibialis anterior then wraps around the proximal anterior surface of the thigh and merges with 
the muscle fibers of the anteroventral portion of M. femorotibialis. M. extensor iliotibialis 
anterior aids in extension of the hip joint. 
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Figure 3.1.  Illustration (A) and Photgraph (B) of Alligator forelimb musculature in left 
dorsolateral view.  1. M. latissimus dorsi , 2. M. serratus posterior, 3. M. pectoralis, 4. M. 
anconeus scapularis, 5. M. anconeus major, 6. M. humeroradialis, 7. M. deltoides scapularis, 8. 
M. supracoracoideus , 9. M. levator scapulae, 10. M. trapezius, 11. M. dorsalis scapulae, and 12. 
M. teres major. 
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Figure 3.2.  Illustration (A) and Photgraph (B) of Alligator forelimb musculature in right 
ventrolateral view.  1. M. pectoralis posterior, 2. M. serratus posterior,                                         
3. M. coracoantebrachialis, 4. M. humeroradialis, 5. M. anconeus major, 6. M. supracoracoideus, 
7.  M. trapezius, 8. M. levator scapulae, 9. M. deltoides scapularis, 10. M. pectoralis anterior. 
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    M. extensor iliotibialis medialis is a thick sheetlike muscle with the largest head of the 
extensor iliotibialis group and forms the prominent contour of the upper thigh.  M. extensor 
iliotibialis medialis originates via a short, stout broad tendon from the dorsolateral surface of the 
ilium between the origins of M. extensor iliotibialis anterior and M. extensor iliotibialis 
posterior.  M. extensor iliotibialis medialis begins as a broad thick muscle overlying M. 
femorotibialis; however, M. extensor iliotibialis medialis thins distally until it becomes a  broad 
aponeurosis lying over the distal M. femorotibialis.  The aponeurosis becomes a broad thick 
tendon distally and inserts with M. extensor iliotibialis posterior on the proximal anterior surface 
of the tibia immediately proximal to the origin of M. tibialis antecus.  M. extensor iliotib ialis 
medialis extends the hip and femorotibial joints. 
 M. extensor iliotibialis posterior is a small elongate muscle lying just posterior to M. 
extensor iliotibialis medialis with diagonal muscle fibers and a roughly square crosssection.  M. 
extensor iliotibialis posterior originates fleshily and via a small tendon on its posterior surface 
from the posterior dorsolateral surface of the ilium partially surrounded by the origin of M. 
flexor tibialis externus.  M. extensor iliotibialis posterior runs from the posterior dorsolateral 
surface of the ilium across the thigh over M. iliofibularis and merges with the aponeurosis of M. 
extensor iliotibialis medialis and inserts with it on the anterior surface of the tibia.  M. extensor 
iliotibialis posterior aids in extending the femorotibial joint. 
M. iliofibularis (Fig. 3.3) 
 M. iliofibularis is a narrow muscle with longitudinal fibers lying deep to M. extensor 
iliotibialis posterior on the dorsal surface of the thigh.  The distal portion of M. iliofibularis is 
visible in dorsal view between M. iliotibialis posterior and M. flexor tibialis externus.  M. 
iliofibularis originates fleshily from the lateral surface of the ilium deep to M. iliotibialis 
posterior and cranial to M. flexor tibialis externus.  M. iliofibularis runs along the posterior 
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dorsal part of the thigh and inserts as a long thin tendon onto a prominent muscle scar on the 
proximolateral surface of the fibula.  M. iliofibularis flexes the femorotibial joint. 
M. flexor tibialis externus (Fig. 3.3) 
 M. flexor tibialis externus is a large muscle with longitudinal muscle fibers that forms the 
posterodorsal contour of the thigh.  M. flexor tibialis externus is triangular in crosssection and 
originates fleshily from the posterodorsal surface of the ilium caudal to the origin of M. 
iliotibialis posterior.  M. flexor tibialis externus runs longitudinally down the posterodorsal 
surface of the thigh and inserts onto the tendon of M. gastrocnemius   M. flexor tibialis externus 
flexes the crus. 
Superficial Ventral Muscles 
M. flexor tibialis internus (Fig. 3.4) 
 M. flexor tibialis internus  forms the external ventral surface of the thigh and is visible as 
three distinct muscle slips, M. flexor tibialis internus anterior, M. flexor tibialis internus 
medialis, and M. flexor tibialis internus posterior.  M. flexor tibialis internus anterior originates 
from the ischium via a small round tendon as a muscular slip from between M. ischiofemoralis 
and M. adductor femoris.  M. flexor tibialis internus anterior continues as a small slip along the 
ventromedial surface of the thigh to insert with the other two heads of M. flexor tibialis internus.  
M. flexor tibialis internus medialis originates fleshily on the lateral edge of the distal ischium 
anterior to M. ischiocaudalis and posterior to M. adductor femoris.  M. flexor tibialis internus 
medialis then follows the path of M. flexor tibialis internus anterior, and its fibers merge with 
those of M. flexor tibialis internus posterior to insert with it on the proximal tibia.  M. flexor 
tibialis internus posterior originates from the posteroventral surface of the ilium ventral to the 
insertion of M. flexor tibialis externus.  M. flexor tibialis internus posterior is the largest head of 
M. flexor tibialis internus and forms the caudoventral surface of the thigh.  All three heads of M. 
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flexor tibialis internus unite on the ventral surface of the thigh and insert via a short, broad stout 
tendon to the rugosity on the anteroventral proximal surface of the tibia.  The M. flexor tibialis 
internus is the major ventral flexor of the femorotibial joint. 
M. ischiofemoralis (Fig. 3.4) 
 M. ischiofemoralis is a narrow muscle with longitudinal fibers and triangular crosssection 
which is visible on the ventral surface of the thigh running between the M. ambiens anteriorly 
and the anterior head of M. flexor tibialis internus posteriorly.  M. ischiofemoralis originates 
fleshily from the cranial border of the distal ischium anterior to M. adductor femoris and inserts 
fleshily as a long thin slip on the ventral surface of the femur between M. femorotibialis 
anteriorly and the M. adductor femoris posteriorly.  M. ischiofemoralis adducts the thigh. 
M. ambiens (Figs. 3.3 and 3.4) 
 M. ambiens consists of two distinct heads. M. ambiens anterior is a tiny thin straplike 
muscle that originates from the dorsolateral margin of the pubic process of the ischium and 
inserts onto the belly of the M. femorotibialis with M. extensor iliotibialis anterior.  M. ambiens 
posterior is a fusiform multipennate muscle visible on the cranial surface of the thigh which 
originates via a short stout tendon from the proximolateral surface of the pubis at the point of the 
pubisischium juncture.  M. ambiens posterior expands quickly into a thick fusiform muscle 
which extends along the cranial surface of the thigh, becoming a thin tendon near the 
femorotibial joint.  The tendon of M. ambiens anterior passes over the cranial surface of the 
femorotibial joint beneath the tendon of M. femorotibialis to the lateral surface of the crus where 
it merges with the tendon of M. gastrocnemius and continues to insert on the calcaneum. M. 
ambiens extends the femorotibial joint. 
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Deep Dorsal Pelvic Musculature  
M. iliofemoralis  
 M. iliofemoralis is a large thick muscle with longitudinal fibers located deep to M. 
extensor iliotibialis.  M. iliofemoralis has a fleshy origin on the mediolateral surface of the ilium 
and inserts fleshily on most of the lateral surface of the femur between the origins of M. 
femorotibialis anterior and M. femorotibialis posterior.  M. iliofemoralis abducts the femur. 
Deep Ventral Pelvic Musculature  
M. adductor femoris (Fig. 3.4) 
 M. adductor femoris is a large, triangular muscle with longitudinal fibers that can be seen 
running over the ventral surface of the thigh anterior to M. flexor tibialis internus.  M. adductor 
femoris originates fleshily from the entire lateral surface of the ischium as a broad muscle and 
inserts fleshily as a longitudinal slip between M. ischiofemoralis and M. femorotibialis on the 
ventral surface of the femur.  M. adductor femoris is the major adductor of the femur.   
M. ischiofemoralis  
 M. ischiofemoralis is a long straplike muscle running anterior to the M. caudofemoralis 
longus and posterior to M. adductor femoris on the deep ventral surface of the thigh.  M. 
ischiofemoralis originates fleshily from the posterior border of the ischial blade and inserts on 
the ventral surface of the femur as a slip between the M. femorotibialis and M. adductor femoris.  
M. ischiofemoralis adducts the thigh. 
 
M. pubofemoralis externus (Fig. 3.4) 
 M. pubofemoralis externus is a broad fanshaped muscle covering the ventral surface of 
the pubis.  M. pubofemoralis externus originates fleshily from the prepubic cartilage as well as 
the distal ventral surface of the pubis and inserts via a thin tendon with the M. pubofemoralis 
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internus to the trochanter on the posterior femoral head.  M. pubofemoralis externus rotates the 
femur anteriorly. 
M. pubofemoralis internus 
 M. pubofemoralis internus is a broad fanshaped muscle coming from the dorsal surface of 
the pubis.  M. pubofemoralis internus originates on the dorsal surface of the prepubic cartilage as 
well as the dorsal surface of the distal pubis and inserts via a thin tendon with the M. 
pubofemoralis externus to the trochanter on the posterior femoral head.  M. pubofemoralis 
externus rotates the femur anteriorly. 
M. iliofemoralis internus (Fig. 3.5) 
 M. iliofemoralis internus is a thick round muscle wrapping around the cranial edge of the 
ilium.  M. iliofemoralis internus originates fleshily as a broad band of longitudinal fibers from 
the medioventral surface of the ilium and the ventral surface of the first sacral rib.  M. 
iliofemoralis internus wraps around the cranial surface of the ilium and inserts fleshily on the 
pronounced rugosity between the origin of M. femorotibialis anterior and the insertion of M. 
iliofemoralis.  
M. caudofemoralis longus (Figs. 3.5, 3.6, and3.7) 
 M. caudofemoralis longus is the largest muscle in the Alligator hindlimb and is situated 
on the ventrolateral surface of the tail deep to the M. ischiocaudalis and M. iliocaudalis 
musculature (Fig. 3.6).  The main body of M. caudofemoralis longus is situated deep to a thick 
layer of fat and fascia which forms a sleeve through which M. caudofemoralis longus can 
contract without affecting the M. ischiocaudalis and M. iliocaudalis.  M. caudofemoralis longus 
originates fleshily from the lateral surfaces of the proximal 11-13 chevrons as well as the ventral 
surfaces of caudals 2-8 (Fig. 3.7).  M. caudofemoralis longus widens from its most distal origin 
on the ventral surface of the tail to become a robust pinnate muscle proximally.  At its anterior 
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end, M. caudofemoralis longus makes a right angle beneath M. transverse perenei and becomes a 
wide stout tendon that inserts on the fourth trochanter of the femur with M. caudofemoralis 
brevis.  The tendon of M. caudofemoralis longus then becomes a stout round tendon that 
continues down the posterior surface of the femur to the femorotibial joint, where it merges with 
a thick tendon from the lateral side of the distal femur and proximal tibia and also joins the 
tendon of M. gastrocnemius to eventually insert on the posterior surface of the calcaneum (Fig. 
3.5).  M. caudofemoralis longus is the major retractor of the hindlimb.  
M. caudofemoralis brevis (Fig. 3.5) 
 M. caudofemoralis brevis is a broad, flat muscle with longitudinal fibers just anterior to 
M. caudofemoralis longus.  M. caudofemoralis brevis originates fleshily from the sacral rib of 
the last sacral vertebra as well as the posteroventral surface of the ilium and inserts just dorsal to 
M. caudofemoralis longus on the fourth trochanter.  M. caudofemoralis brevis helps retract the 
femur.    
Dorsal Femorotibial Joint Musculature  
M. femorotibialis 
  M. femorotibialis is a large muscle composed of two distinct heads which are devided by 
M. iliofemoralis proximally.  M. femorotibialis anterior is pennate and the larger of the two 
heads.  M. femorotibialis anterior originates from the entire anterior, anterodorsal, and 
anteroventral surface of the femur.  M. femorotibialis posterior originates from the posterior 
surface of the femur between the insertions of M. iliofemoralis and M. ischiofemoralis.  The two 
heads join to form a broad thick tendon that wraps around the dorsal surface of the femorotibial 
joint to insert on the cranial surface of the tibial head as well as a small tendon to the M. 
gastrocnemius.  M. femorotibialis extends the femorotibial joint. 
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Figure 3.3.  Illustration (A) and Photgraph (B) of Alligator hindlimb musculature in left dorsal 
view.  1. M. extensor iliotibialis posterior, 2. M. flexor tibialis externus, 3. M. iliofibularis,        
4. M. gastrocnemius, 5. M. peroneus longus, 6. M. flexor digitorum longus, 7. tendon of           
M. ambiens, 8. M. extensor iliotibialis medialis, and 9. M. extensor iliotibialis anterior. 
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Figure 3.4.  Illustration (A) and Photgraph (B) of Alligator hindlimb musculature in right 
ventrolateral view.  1. M. adductor femoris, 2. M. transverse perenei, 3. M. flexor tibialis 
internus posterior, 4. M. flexor tibialis internus medialis, 5. M. flexor tibialis externus,               
6. M. flexor tibialis internus anterior, 7. M. gastrocnemius, 8. M. flexor digitorum communis,    
9. M. ambiens, 10. M. ischiofemoralis, and 11. M. pubofemoralis externus. 
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Figure 3.5.  Illustration (A) and Photgraph (B) of Alligator deep hindlimb musculature in left 
ventral view.  1. M. iliofemoralis internus, 2. M. gastrocnemius, 3. M. caudofemoralis brevis, 
and 4. M. caudofemoralis longus. 
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Figure 3.6.  Photograph of Alligator M. caudofemoralis longus in left ventrolateral view after 
removal of M. ischiocaudalis and M. iliocaudalis. 
 
 
Figure 3.7.  Photograph of Alligator anterior caudal vertebrae and chevrons in left lateral view 
after removal of M. caudofemoralis longus. 
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Ventral Femorotibial Joint Musculature  
M. ischiotibialis  
 M. ischiotibialis is a long thin muscle running just anterior to the tendon of M. 
caudofemoralis longus to the back of the femorotibial joint.  M. ischiotibialis originates as a thin 
tendon from a small, but pronounced depression on the proximoposterior border of the ischium 
and inserts on the posterodorsal surface of the tibia deep to M. gastrocnemius lateralis.  M. 
ischiotibialis flexes the femorotibial joint. 
DISCUSSION 
 The muscles described here have been described by previous authors.  The four primary 
sources with which this study is compared are Chaisson (1962) and Reese (1915) because they 
each described both the forelimb and hindlimb musculature.  Romer (1923) and Gatesy (1990) 
are referenced with regard to M. caudofemoralis longus because the description given here is 
significantly different from those of previous authors.  While many of the muscle descriptions 
presented here agree with those of Chaisson (1962) and Reese (1915), there are numerous 
differences that are worth noting.  These differences will be described in separate forelimb and 
hindlimb sections. 
Forelimb 
 Differences were found between several of the extrinsic forelimb muscle descriptions of 
Chaisson (1962), Reese (1915) and this study.  For instance, Chiasson (1962) states that M. 
pectoralis “draws the humerus forward.”  Neither Chiasson (1962) or Reese (1915) recognize 
two separate heads in M. pectoralis.  Chiasson (1962) includes the procoracoid (coracoid) as an 
origin of M. levator scapulae.  Dissections for this study found no insertion for M. levator 
scapulae on the coracoid.  Reese (1915) makes no mention of an insertion on M. deltoideus 
scapularis for M. levator scapulae.  Reese (1915) describes the posterior bundle of M. serratus 
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posterior as originating from both the second and third dorsal rib and not just the second as 
described here.  Chiasson (1962) lists the origin of M. serratus posterior as the first through 
fourth thoracic ribs with no mention of origin from the last cervical rib as described here.  
Chiasson (1962) describes the origin of M. costocoracoideus as the first and second rib.  
Apparently, this description is meant to imply the first and second thoracic rib.  M. 
costocoracoideus takes origin from the last cervical rib and the first sternal rib, but does not 
originate from the thoracic ribs themselves. 
 With the exception of M. pectoralis, the differences observed between the extrinsic 
forelimb muscles described in this study and those of Chaisson (1962) and Reese (1915) have no 
obvious functional significance.  The description of M. pectoralis as a brachial joint extensor by 
Chaisson (1962) is inconsistant with the large size of the muscle.  M. pectoralis is the largest 
single forelimb muscle (Fig. 3.2).  Because extensors work on the limb when it is not in contact 
with the ground, they are typically small.  The large size of M. pectoralis and its position 
posterior and medial to the forelimb, demonstrate that it was a adductor of the forelimb and an 
flexor of the brachial joint. 
There are only a few differences between the descriptions of the intrinsic forelimb 
muscles given by Chaisson (1962) and Reese (1915) and those presented here.  Chiasson (1962) 
states that M. dorsalis scapulae draws the scapula anteriorly and M. teres major draws the 
humerus posteriorly.  Chiasson (1962) describes the origin of M. deltoides scapularis as the 
anteriorventral surface of the procoracoid (coracoid).  Because M. deltoides scapularis clearly 
originates from the lateral surface of the scapular spine, this interpretation would seem to be in 
error.  Reese (1915) and Chiasson (1962) make no mention of a scapular origin for M. 
coracobrachialis or M. subscapularis.  Both Reese (1915) and Chiasson (1962) note that the M. 
humeroradialis is united with several of the surrounding brachial muscles at its origin, including 
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the M. deltoides scapularis, and therefore takes part of its origin from the scapula.  These 
interdigitated fibers were not observed in the dissections conducted for this study. 
Most of the differences between the intrinsic musculature description given in this study 
and those of Chaisson (1962) and Reese (1915) have no obvious functional significance.  
Chaisson’s (1962) description of the M. dorsalis scapulae as a muscle which moves the scapula 
is very different from the interpretation presented here.  The pectoral girdle in Alligator is 
relatively immobile.  Therefore, a muscle that originates on the pectoral girdle and inserts on the 
forelimb will move the forelimb and not the pectoral girdle.  Chaisson’s (1962) description of M. 
teres major as a brachial joint retractor is inconsistent with the location of the muscle.  M. teres 
major is located dorsal to the humerus and would draw the humerus dorsally. 
Hindlimb 
 There are numerous differences between the hindlimb muscles described here and the 
descriptions given by Chaisson (1962) and Reese (1915).  The most significant of these are the 
descriptions of M. caudofemoralis longus.  Therefore, M. caudofemoralis longus will be assessed 
separately.  Reese (1915) only recognizes two heads (equivalent to M. extensor iliotibialis 
anterior and M. extensor iliotibialis medialis) for M. extensor iliotibialis.  Reese (1915) 
recognizes two heads to M. iliofibularis.  However, the second head described by Reese (1915) is 
clearly the same as M. extensor iliotibialis posterior described above.  Reese (1915) also 
recognizes two accessory tendons of insertion to M. peroneus and M. gastrocnemius not 
observed in the current study.  Chiasson (1962) also recognizes an accessory tendon to M. 
gastrocnemius.  Reese (1915) and Chiasson (1962) also recognize an area insertion for the M. 
flexor tibialis externus on the fibular side of the neck of the tibia as well as an insertion onto the 
M. gastrocnemius as described here.  Chiasson (1962) only describes two heads to M. flexor 
tibialis internus and appears to consider both M. flexor tibialis internus anterior and M. flexor 
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tibialis internus medialis as a single head.  Chaisson (1962) refers to M. ischiofemoralis  as M. 
puboischio tibialis and gives the insertion as the tendon of M. flexor tibialis internus instead of 
the ventral surface of the femur.  Chaisson (1962) also describes M. ischiofemoralis as a flexor 
the femorotibial joint as opposed to an adductor of the thigh.  Reese (1915) and Chaisson (1962) 
describe the origin of M. ambiens posterior as the anterior spine of the ilim, but no origin from 
the ilium was found in this study.  Reese (1915) describes the origin of M. ambiens anterior as 
the inner surface of the proximal pubis instead of the pubic process of the ischium.  Chaisson 
(1962) refers to M. ambiens anterior as M. pubofemoralis and describes the origin as the inner, 
anterior margin of the epipubic cartilage.  Reese (1915) describes M. ischiofemoralis as 
originating from the anterior border of the ischium instead of the posterior border as described 
here.  Reese (1915) considers M. caudofemoralis brevis to be part of M. caudofemoralis longus.  
Chaisson (1962) divides M. caudofemoralis brevis into two separate heads with one head 
originating from the medial ischium and one from the last sacral and first caudal vertebrae.  
These numerous small differences have no obvious functional significance. 
M. caudofemoralis longus in archosaurs is described and illustrated as originating from 
the base of the transverse processes (caudal ribs) of the proximal 11-15 caudal vertebrae (Romer, 
1923, Reese, 1915), the first half of the tail (Chaisson, 1962),  or from the caudal bodies 
themselves (Gatesy, 1990).  However, my dissections of crocodilian tail musculature show that 
the M. caudofemoralis longus actually originates from the lateral surfaces of the first 11 – 13 
chevrons in Alligator mississippiensis with only a small portion originating from the ventral 
portions of the most proximal caudal centra (Figs. 3.6 and 3.7).   
The new description of M. caudofemoralis longus presented here changes the previously 
described relationship of M. caudofemoralis longus to the other axial muscles of the tail.  
Removing the caudal ribs as a point of origin for M. caudofemoralis longus means that retraction 
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of M. caudofemoralis longus does not directly affect the caudal vertebrae.  In fact, the layer of fat 
which surrounds M. caudofemoralis longus separates it from the axial tail musculature and 
allows it to retract independently of them.  Conversely, the axial muscles can also retract without 
affecting M. caudofemoralis longus.   
An origin off the lateral surface of the chevrons instead of the caudal ribs also effects the 
interpretation of M. caudofemoralis longus in extinct archosaurs.  Gatesy (1990) used the point at 
which the caudal ribs disappear as the caudal extent of M. caudofemoralis longus.  Because the 
transverse processes form a “shelf” under which M. caudofemoralis longus runs, this relationship 
may be correct.  However, this study shows that chevron morphology is much more important 
for determining the size and extent of M. caudofemoralis longus in archosaurs.  Therefore, 
Future studies of archosaur musculature should consider the size and shape of M. caudofemoralis 
longus as the primary factor which influences interpretation regarding the size, shape, and extent 
of M. caudofemoralis longus. 
CONCLUSIONS 
  The dissections described here, and it comparisons with other studies, demonstrate that 
there are numerous differences in the interpretation of muscle origins, insertions, and actions 
presented here and those of previous authors.  Perhaps the most functionally significant of these 
differences is the interpretation of the origin and insertion of M. caudofemoralis longus.  While 
an origin from the caudal ribs links M. caudofemoralis longus to the vertebral musculature of the 
caudal vertebrae, an origin from the chevrons frees M. caudofemoralis longus from an intimate 
association with vertebral musculature.  This new interpretation also underscores the significance 
of chevron morphology in determining size and extent of M. caudofemoralis longus in fossil 
vertebrates. 
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CHAPTER 4.  FUNCTIONAL MORPHOLOGY OF THE FORELIMB IN THREE 
NORTH AMERICAN JURASSIC SAUROPODS 
 
INTRODUCTION 
This study uses three-dimensional models of actual appendicular elements to examine 
articulation, reconstructed myology, and functional range of motion of the forelimb in three 
sauropods, Apatosaurus, Diplodocus, and Camarasaurus.  These taxa were the most common 
Late Jurassic sauropods in North America and numerous limb elements are known for each.  The 
relative abundance of well-preserved material from these taxa offers the best opportunity to gain 
insights into the function of the forelimbs in sauropod dinosaurs in general, and also allows for 
the comparison of multiple sauropod taxa in order to understand morphological, functional, and 
locomotor diversity within Sauropoda.  The manus has been eliminated from this analysis 
because it is generally recognized as a functional unit with very limited mobility in sauropods 
(Bonnan, 2001). 
Articulation and inferred musculature anatomy were used to investigate the functional 
morphology of the sauropod forelimb.  Articulation of the forelimb was based on unique 
morphological characters in each of the three taxa.  Patterns of muscular architecture were 
inferred based on comparisons with Alligator mississippiensis.  The articulation and musculature 
data were then used to estimate range of motion of the brachial and antebrachial joints in each 
taxon.  Range of motion data and articulation data also were compared among the three taxa to 
infer differences in overall locomotor patterns. 
PREVIOUS STUDIES 
The only comprehensive study of functional morphology in sauropods to date is that of 
Bonnan (2001).  Bonnan investigated forelimb morphological variation and function using a 
variety of techniques including thin plate spline analysis, comparative studies using elephants 
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and alligators as models, and manual manipulation of fossils and a small scale model of an 
Apatosaurus forelimb to determine range of motion in the forelimb joints.  Bonnan (2001) 
outlined general patterns related to sauropod limb biomechanics in Camarasaurus, Diplodocus, 
and Apatosaurus and focused primarily on the manus.  The current study focuses on 
biomechanical differences among the three taxa, and uses three dimensional reconstructions of 
digitized elements to examine and illustrate patterns of forelimb articulation and joint motion.  
Whereas Alligator was used as a model in both and  Bonnan (2001), I present a detailed 
dissection of the Alligator pectoral, brachial, pelvic and thigh musculature (see Chapter 2) on 
which muscular reconstructions are based.  Also, qualitative variations in morphology among 
Camarasaurus, Diplodocus, and Apatosaurus are used to infer postural and functional 
differences among those taxa.  The manus has been excluded from the current study, and 
emphasis is placed on the pectoral girdle and forelimb.  While no physical models were used in 
this study, three-dimensional models were made for all three taxa using fossil data. 
Sauropod forelimb musculature reconstructions have been published by Borsuk-
Bialynicka (1977) and Filla and Redman (1994).  Filla and Redman (1994) only illustrated and 
described the brachial musculature in Apatosaurus.  Borsuk-Bialynicka (1977) presented 
reconstructions of the appendicular musculature in a single taxon, Opisthocoelicaudia.  The 
current study differs from Filla and Redman (1994) and Borsuk-Bialynicka (1977) in that the 
patterns of musculature in multiple sauropod taxa are compared.  Also, from the descriptions in 
the text, it seems that the musculature reconstructions of Borsuk-Bialynicka (1977) are based 
primarily on lizards.  The current study uses Alligator as a model for sauropod muscular 
architecture because both are archosaurs. 
 
 
 97 
INSTITUTIONAL ABBREVIATIONS 
 The following institutional abbreviations are used throughout the text: American Museum 
of Natural History, AMNH; Brigham Young University Earth Science Museum, BYU; Carnegie 
Museum of Natural History, CM; Dinosaur National Monument, DNM; University of Kansas, 
KUVP; Museum of Western Colorado, MWC; Field Museum of Natural History, P; South 
Dakota School of Mines, SDSM; University of Utah, UUVP; University of Wyoming, UW; 
Wyoming Dinosaur Center, WDC; and Yale Peabody Museum, YPM. 
MATERIALS AND METHODS 
Approximately one hundred elements (see Tables B.1 and B.2) from eleven different 
institutions were digitized using an Immersion Microscribe three-dimensional digitizer (see 
Chapter 1). Digitized bone halves were assembled by Arthur Andersen of Virtual Surfaces and 
articulated and animated by the author using Discreet’s 3D Studio Max modeling software.  
Composite forelimbs were assembled using the most well-preserved elements (see Table 4.1).  
Composite skeletons were based on proportions from individual complete, or nearly complete, 
mounted skeletons (CM 84 and USNM 10865, Diplodocus; CM 11338, Camarasaurus; and 
CM3018, Apatosaurus).  The figures are color coded such that red represents Diplodocus, yellow 
represents Apatosaurus, and blue represents Camarasaurus throughout. 
Approximately six preserved and six fresh specimens of Alligator mississippiensis, 
ranging in length from one to two meters, were dissected and skeletonized to establish patterns of 
archosaur forelimb musculature.  Alligator was chosen because crocodilians are the only extant 
quadrupedal archosaur and Alligator is the most readily available crocodilian in the US.  Muscle 
origins and insertions were determined from preserved specimens and marked on prepared 
Alligator appendicular elements.  These marked origins and insertions were used to locate 
probable origins and insertions of individual muscles on the sauropod forelimb. 
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Table 4.1.  List of digitized specimens used for  
Forelimb reconstructions presented in this paper. 
 
Element Side Specimen # Taxon 
Scapula R BYU 681 – 10618 Apatosaurus  
Scapula R KUVP129714 Camarasaurus 
Scapula L AMNH5855 Diplodocus 
    
Coracoid R BYU681-4599 Apatosaurus  
Coracoid R KUVP129714 Camarasaurus 
Coracoid R DNM1028 Diplodocus 
    
Sternal L? BYU 681 – 4600 Apatosaurus  
Sternal R? WDC BS-104 Camarasaurus 
Sternal R? AMNH615 Diplodocus 
    
Humerus L MWC 2548 Apatosaurus  
Humerus R MWC 2842 Camarasaurus 
Humerus R AMNH5855 Diplodocus 
    
Radius L CM 563 Apatosaurus  
Radius R P25182 Camarasaurus 
Radius R AMNH5855 Diplodocus 
    
Ulna R BYU 681 – 4720 Apatosaurus  
Ulna R P25182 Camarasaurus 
Ulna L AMNH5855 Diplodocus 
 
 Several assumptions were made in order to attempt a reconstruction of the sauropod 
forelimb.  The effects of allometry on forelimb morphology were assumed to be negligible.  
Wilhite (1999) demonstrated that in at least one taxon, Camarasaurus, the limbs grow 
isometrically based on elements ranging in size from baby (1/16 adult size) to adult.  Further 
measurements of appendicular elements indicate that limbs also grow isometrically in both 
Apatosaurus and Diplodocus (Personal Obs.).  The assumption that limbs grow isometrically can 
also be tested by scaling the smallest representative element with the largest representative 
element from the same taxon and comparing the morphological differences.  Figure 4.1 shows 
two Apatosaurus ulnae of disparate sizes (405 mm and 572 mm) scaled to the same size that 
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show negligible morphological differences.  It also is assumed that the thickness of cartilage is 
uniform across the joint surfaces (see below for exception) and, therefore, the distances between 
articulating elements was uniform across the joint surface.  The distance between joint surfaces 
was assumed to be the minimum distance required for the highest bone surface rugosities to 
rotate across the joint without touching the corresponding joint surface.  Dissections of Alligator 
joints support this assumption.  Finally, it is assumed that the origins and insertions of muscles in 
the sauropod forelimb are homologous with those in Alligator because both are archosaurs. 
Figure 4.1.  Animation of two digitized Apatosaurus right ulnae ( CM2717, left and BYU 681-
4720, right) showing the minimal effects of allometry by scaling the two elements to the same 
size.  Elements begin in anterior view and rotate medially. 
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FORELIMB ARTICULATION 
 The upright nature of sauropod posture has been well established by many workers, based 
on both footprint and morphological evidence and will not be further addressed here; however, 
the orientation of the scapulacoracoid and humerus as well as the articulation of the radius and 
ulna has only recently been examined in detail by Bonnan (2001).  Bonnan (2001), who assessed 
forelimb articulation in sauropods from the manus proximal to the shoulder, used footprints 
because they are the only known fossils representing sauropods in life posture.  This study will 
focus on the forelimb from the shoulder down, and the manus will not be considered, because it 
functioned as a single unit as demonstrated by Bonnan (2001).  
 The position and orientation of the sauropod scapulocoracoid has been a source of much 
debate.  For the purposes of this study it is assumed that the glenoid faced ventrally in order to 
allow the forelimb to articulate in an upright columnar stance.  With the glenoid facing ventrally, 
the scapula is restricted to an angle of between 25 and 28º from horizontal.  Some authors have 
reconstructed the scapulocoracoid lying nearly vertical (= 60º) against the ribs in sauropods 
(Riggs, 1901; Osborn and Mook, 1921; and Hallett, 1987).  This arrangement leads to a 
posteriorly facing glenoid fossa (Fig. 4.2A)   Also, the distal end of the scapula is positioned near 
the summits of the neural spines in many restorations; an orientation which leaves little room for 
the cartilagenous suprascapula, indicated by the rugose distal ends of sauropod scapulae.  The 
scapulocoracoid was most likely oriented more horizontally relative to the ribs (Fig. 4.2b).  
Perhaps the best evidence of this more horizontal orientation is the articulated juvenile 
Camarasaurus skeleton, CM11338 (Gilmore,1925).  The right scapula of CM 11338 appears to 
be only slightly displaced from its life position and lies at a 30º angle from horizontal.  More 
recently, Parrish and Stevens (2002) have shown that apparent modifications in the ribs, marking 
the position of the scapula, indicate a subhorizontal orientation for the scapulocoracoid as well.  
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Although this is not definitive evidence, it is consistent with a near horizontal orientation of the 
scapulocoracoid.  
 
Figure 4.2.  Articulated digitized left forelimbs of Camarasaurus (AMNH 664) in lateral view 
with the scapula oriented at A) 60º and B) 28º from the horizontal. 
 
 Unlike other joint surfaces, it appears that cartilage thickness in the glenoid fossa 
changed throughout ontogeny.  Figure 4.3 shows two Camarasaurus scapulocoracoids.  Figure 
4.3A is a juvenile (KUVP 129714) and Figure 4.3B is from a adult (AMNH 664).  In lateral 
view, the adult glenoid fossa has a gently curved outer surface (Fig. 4.3B) whereas that of the 
juvenile is wedge-shaped with the apex of the wedge being formed by the scapula-coracoid 
suture (Fig. 4.3A).  It is clear when the humerus is articulated with the glenoid fossa of the adult 
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that the humerus can be articulated in such a way that it is equidistant from the glenoid surface 
across the glenoid fossa(Fig. 4.4).  However, this same relationship is impossible in the juvenile 
glenoid because the humerus is then “trapped” in the apex of the glenoid fossa and would have 
been unable to move effectively.  Articulating the humerus correctly leaves an uneven gap 
between the humerus and the apex of the glenoid (Fig. 4.5).  The most parsimonious explanation 
for this observed difference between the juvenile and adult glenoid is that the juvenile glenoid 
had thicker cartilage at the dorsal surface than around the sides.  This interpretation is further 
supported by the fact that the scapula and coracoid are unfused in juvenile sauropods and the site 
where the cartilage appears to be thickest is the point where the two elements join.  
 
Figure 4.3.  Digitized left scapulae of Camarasaurus from A) juvenile (KUVP 129714) and B) 
adult (AMNH 664) individuals in lateral view.  Abbreviations: gl = glenoid fossa and cs = 
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scapula-coracoid suture (bold dashed line marks approximate location of scapula-coracoid suture 
in adult specimen). 
 
Figure 4.4.  Articulated digitized left scapulocoracoid and humerus of adult Camarasaurus 
(AMNH 664) in lateral view showing the relationship of the humerus and glenoid during 
extension and flexion of the brachial joint. 
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Figure 4.5.  Animation of digitized articulated juvenile left scapulocoracoid (KUVP 129714) and 
humerus (AMNH 664) of Camarasaurus in lateral view showing the relationship of the humerus 
and glenoid during extension and flexion of the brachium. 
 
 Another question concerning the pectoral girdle is the orientation of the scapulocoracoids 
relative to one another.  At this point, the sterna ls must also be considered because the placement 
of the sternals will affect the width of the chest.  Unfortunately, the sternals were not articulated 
directly with any ossified element; therefore, their exact position is unknown.  However, the 
orientation of the sternals in diplodocids appears to be resolved.  Marsh (1881) reported in situ 
sternals in a Diplodocus specimen and figured them with the dorsoventrally expanded, 
mediolaterally constricted end as the anterior end.  Marsh (1881) also concluded tha t the non-
rugose border represented the anteromedial surface (Fig. 4.6A).  Unfortunately, no maps of the 
original specimens drawn as they lay in the ground exist (McIntosh, pers. comm.).   
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Filla and Redman (1994), in their description of Apatosaurus yahnahpin from the Como 
Bluff area of Wyoming, revised Marsh’s interpretation.  The skeleton was partially articulated 
and associated, with the sternals lying in what appears to be their proper orientation to the ribs 
and one another, based on the known relationships of these bones in Alligator (Filla and 
Redman, 1994, Fig. 4.1).  They clearly demonstrated that although Marsh (1881) was correct 
about the anterior-posterior orientation of the sternals, his interpretation of the non-rugose 
anterior margin being medial was incorrect (Fig. 4.6B).  This relationship is also supported by an 
isolated pair of preserved diplodocid sternals at Dinosaur National Monument (Fig. 4.7) and 
agrees with the orientation described by Hatcher (1901) for Diplodocus carnegei.   
 
Figure 4.6.  Articulated digitized sternals of Apatosaurus (BYU 681-4600) in ventral view as 
reconstructed by A) Marsh (1881) and B) Filla and Redman (1994). 
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Figure 4.7.  Photograph of a pair of diplodocid sternal plates in ventral view on the quarry face at 
Dinosaur National Monument, Utah.  Photo courtesy of John S. McIntosh.  
 
The correct orientation of the sternals in Camarasaurus is far less certain. In the most 
well-preserved Camarasaurus specimen known, CM11338, a single preserved sternal was found 
disarticulated (Gilmore, 1925).  Although Gilmore (1925) tentatively assigned it to the right side, 
it is unclear which side the preserved sternal truly represents (McIntosh, pers. comm.).   
A well-preserved Camarasaurus sternal from the Wyoming Dinosaur Center (WDC-
BS104) was digitized for the current study.  Assuming the dorsoventrally expanded end is 
anterior, as in diplodocids, Figure 4.8A shows how the paired sternals may have articulated.  
This orientation differs significantly from that seen in diplodocids (Figs. 4.6b and 4.7).  Figure 
4.8B illustrates the possible relationship of the sternals if the opposite end is assumed to be 
anterior.  One assumption used in both reconstructions is that the anterior width of the sternals is 
narrower than the posterio r width.  This relationship seems likely because the chest expands 
markedly posterior to the coracoids.  If Figure 4.8B represents the true relationship, the 
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dorsoventrally expanded end in Camarasaurus may have been for articulation of the 
cartilaginous xiphisternum.  Interestingly, both orientations produce a similar chest width.  The 
orientation in Figure 4.8A is consistent with the known relationship between morphology and 
orientation in diplodocids, and represents the orientation assumed throughout this paper.   
 
Figure 4.8.  Digitized ventral view of two possible orientations of the sternal plates in 
Camarasaurus (WDC BS-104). 
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The sternals of diplodocids have a smooth anterolateral border where the coracoids may 
have articulated (Fig. 4.9.3a).  In Camarasaurus, however, the entir e lateral margin lacks 
rugosity and, therefore, may have articulated with the anterior edge of the coracoid (Fig. 4.9.1a).  
One of the consequences of this arrangement would be to make the chest of Camarasaurus 
broader than those of diplodocids (Figs. 4.10.1a, 10.2a, and 10.3a).  The proximal coracoid, 
when preserved uncrushed, makes a near right angle with the shaft of the scapula (Fig. 4.10) and, 
therefore, it seems likely that the coracoids were positioned with the ir cranial edges facing one 
another and the sternals positioned in between.  If the sternals were not articulated directly with 
the coracoids, the coracoids may have lain much closer to one another, but even with the 
coracoids nearly touching, the chest of Camarasaurus is relatively wider than that in both 
Diplodocus and Apatosaurus (Figs. 4.10.1b, 10.2b, and 10.3b) based on the morphology of the 
forelimbs.  In determining the separation of the distal scapulae from one another, it was assumed 
that the body widened posteriorly and the scapulae reflected this change (Fig. 4.10).   In this 
orientation the glenoid faces ventrally and slightly medially.  Also, the long axis of the glenoid is 
oriented anteromedially-posterolaterally when the scapulae are positioned with the scapula 
blades in the orientation described above. 
 The head of the humerus articulates with the glenoid to form the shoulder joint.  The 
dorsal surface of the sauropod humerus has a pronounced and distinct head which extends onto 
the posterior surface of the proximal end of the humerus as a wedge-shaped extension (Fig. 
4.11).  A more poorly developed anterior extension can be seen on the anterior surface of the 
humerus more medial to the extension seen on the posterior surface (Fig. 4.11).  When the 
humeral head is articulated with the anteromedially directed glenoid, the result is a humerus with 
a strongly anteromedially directed deltapectoral crest (Fig. 4.12).  The head of the humerus in 
Camarasaurus is positioned more medially than the humeral head in diplodocids (Fig. 4.13).   
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Figure 4.9.  Digitized articulated sauropod scapulocoracoids in anterior view a) with sternals and 
b) without sternals.  1) Camarasaurus, 2) Apatosaurus, and 3) Diplodocus.  See Table 4.1 for 
specimen numbers. 
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Figure 4.10.  Digitized articulated sauropod scapulocoracoids in dorsal view a) with sternals and 
b) without sternals.  1) Camarasaurus, 2) Apatosaurus, and 3) Diplodocus.  See Table 4.1 for 
specimen numbers. 
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When articulated as described above, the distal end of the humerus is rotated such that the distal 
condyles are oriented medially and laterally, a configuration which supports the anteromedial 
rotation of the proximal end of the humerus.   
The shape of the distal condyles varies between taxa.  In both Apatosaurus and 
Diplodocus the distal condyles are nearly coequal in posterior view; whereas, in Camarasaurus, 
the lateral condyle is smaller than the medial condyle in posterior view (Fig. 4.13).  This means 
that when the humerus is articulated correctly with the distal condyles in a horizontal plane, the 
diplodocid humerus is oriented under the body while the Camarasaurus humerus diverges 
laterally from the body (Fig. 4.12).   
 
Figure 4.11.  Digitized right humerus of Camarasaurus (MWC 2842) in proximal view.  
Abbreviations: Ant = anterior, Post = posterior, phh = posterior humeral head, ahh = anterior 
humeral head, dpc = deltapectoral crest, lc = lateral condyle.   
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Figure 4.12.  Digitized articulated sauropod humeri and pectoral girdles in a) anterior and b) 
dorsal views.  Abbreviations: sc = scapulocoracoid, st = sternals, dpc = deltapectoral crest.  See 
Table 4.1 for specimen numbers. 
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Figure 4.13.  Digitized sauropod humeri in posterior view. A) Camarasaurus (MWC 2842), B) 
Apatosaurus (AMNH 6114), C) Diplodocus (BYU 681 – 4742).  Abbreviations: hh = humeral 
head, mc = medial condyle, lc = lateral condyle.   
 
 The radius and ulna in sauropods are very distinctive and, although they are never fused, 
they were all but immobile relative to one another.  The radial ligament scar on the anteromedial 
surface of the distal end of the ulna and its corresponding ulnar scar on the posterolateral surface 
of the distal end of the radius indicate that the two elements were held tightly against one another 
(Fig. 4.14).  Further evidence for a lack of mobility can be found in the shape of the proximal 
end of the ulna, which has an anteriorly placed, deep v-shaped fossa into which the radius fits 
snugly, preventing mediolateral rotation of the radius (Fig 14B).  Figure 4.15 shows how the 
radius and ulna articulated relative to one another.  The nature of the relationship between the 
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ulna and radius was clearly defined by Bonnan (2001), and three-dimensional reconstructions of 
these elements presented here support this orientation.  In this interpretation, the proximal radius 
sits directly anterior to the proximal end of the ulna and the radial shaft wraps very slightly 
around the medial side of the ulna to articulate with the anteromedial surface of the distal ulna 
(Fig. 4.14).  When carried down through the manus, Bonnan (2001) has shown that this 
antebrachial orientation causes the manus to be permanently pronated.  
 
Figure 4.14.  Digitized articulated right radius (CM 563) and ulna (BYU 681 – 4720) of 
Apatosaurus in A) anterior, B) proximal, C) distal, and D) posterior views. Abbreviations: lp = 
lateral process, mp = medial process, pp = posterior process.  
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Figure 4.15. Animation of digitized right radius and ulna of Camarasaurus (AMNH 664) 
showing relationship of radius and ulna.  Scene begins in medial view and radius and ulna 
articulate and end in anterior view.  
 
 The lateral and medial condyles of the humerus rest primarily on the lateral and medial 
processes of the ulna (Fig. 4.16A) based on the shape of the antebrachial joint surface.  This 
condition is unusual because the radius is the major forelimb support element in most 
quadrupedal taxa (Bonnan, 2001).  The radius in sauropods is also a major support element, but 
instead of articulating primarily with the medial and lateral condyles, the radius articulated with 
an “anterior condyle” formed by the two intercondylar ridges on the craniodistal surface of the 
humerus (Fig. 4.16B).  The radius in all three taxa is slightly shorter than the ulna (radius ~ .96 
length of ulna).  Therefore, when the humerus is articulated with the radius and ulna, the 
antebrachium is flexed somewhat.  The amount of flexion at the elbow varies between genera.  
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Based on the reconstructions presented here, the antebrachial joint forms a 149º angle in 
Diplodocus, a 144º angle in Apatosaurus, and Camarasaurus has the smallest antebrachial joint 
angle of the three taxa at 140º.  While these may seem like minor differences, Figure 4.17 shows 
that they result in noticeable postural differences.  Another point of variation in the articulated 
forelimbs of diplodocids and Camarasaurus is the relative orientation of the posterior process of 
the ulna.  In diplodocids, the posterior process faces caudally, but in Camarasaurus the posterior 
process is oriented such that it faces caudolaterally (see Chapter 2) (Fig. 4.18). 
 
Figure 4.16.  Articulated digitized left forelimb of Diplodocus (AMNH5855) in A) dorsal and B) 
ventral views.  Colored outlines represent the shape of the articular end of the indicated bone.  
Abbreviations:  lc = lateral condyle, mc = medial condyle, lp =lateral process, mp = medial 
process, icr = intercondylar ridge. 
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Figure 4.17.  Articulated digitized forelimbs of A) Apatosaurus, B) Diplodocus, and C) 
Camarasaurus in right lateral view showing different angles of articulation of the antebrachial 
joint.  See Table 4.1 for specimen numbers. 
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Figure 4.18. Dorsal view of the digitized articulated forelimbs of A) Apatosaurus and B) 
Camarasaurus.  Right scapulae have been rendered transparent, and arrows show direction of the 
posterior process of the ulna.  See Table 4.1 for specimen numbers. 
 
 When the forelimbs are articulated as outlined above, several key differences can be 
noted.  First, the orientation of the scapulae, based on all the available morphological evidence, 
indicates that the chest was narrower in Diplodocus and Apatosaurus than in Camarasaurus (Fig. 
4.10).  Also, the orientation of the articulated humerus with the glenoid demonstrates that 
diplodocids had a narrow stance with the limbs under the body while Camarasaurus had a much 
broader stance with the limbs positioned beneath the outer edge of the body wall (Fig. 4.19).  
These stance differences are supported by the observed differences in the distal condyles of the 
humerus in diplodocids and Camarasaurus as well as the differences in the orientation of the 
posterior process of the ulna.  An ulna with a laterally divergent posterior process is indicative of 
a taxon with a relatively wide stance.  It also seems likely that the difference in the assymetry of 
the humeral distal condyles is a good indicator of differences in stance.    
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Figure 4.19.  Articulated digitized forelimbs of A) Apatosaurus, B) Camarasaurus, and C) 
Diplodocus in anterior view.  See Table 4.1 for specimen numbers. 
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RECONSTRUCTED MYOLOGY 
 Muscle reconstructions in sauropods have been published by Filla and Redman (1994) for 
Apatosaurus yahnaphin and Borsuk-Bialynicka (1977) for Opistocoelicaudia skarzynskii.  
Neither of these studies were comparative studies between sauropod taxa.  The current study 
focuses on the differences in the musculature among Apatosaurus, Camarasaurus, and 
Diplodocus.  However, where possible, muscle reconstructions from this study will be compared 
with these previous studies.  The muscle reconstructions here are based on the dissections of 
Alligator mississippiensis presented in Chapter 3.  Because the focus of this study is limited to 
the forelimb and pectoral girdle, the origins of most of the extrinsic muscles cannot be 
determined based on the reconstructions presented here; however, their insertions will be noted 
where applicable as well as any inference about the muscles based on the insertions. 
M. pectoralis  
 M. pectoralis in Alligator is the largest muscle of the forelimb and is composed of an 
anterior and posterior head.  The muscle originates from the cartilaginous sternal ribs, ossified 
interclavicle, first gastrilum, and the body of M. external oblique.  The cartilaginous sternal ribs 
are not preserved and the interclavicle is unossified in sauropods.  The first gastrilum and M. 
external oblique are not included in the current study because they are axial elements.  It seems 
likely, however that M. pectoralis anterior head originated from the paired sternal plates which 
formed the sauropod sternum (Fig. 4.20) because these bones occupy the same position as the 
ossified interclavicle in Alligator.  It is not possible to accurately estimate the extent of a 
cartilaginous presternum (see discussion below) and one was not assumed here.  The large M. 
pectoralis in Alligator is necessary to adduct the forelimb when the animal assumes the “high 
walk” position with the limbs under the body.  Because sauropods forelimbs were oriented 
vertically at all times, they would not have required the large M. pectoralis musculature seen in 
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Alligator, and it is likely that the relative size of this muscle in sauropods was reduced.   M. 
pectoralis would have inserted onto the medial surface of the deltapectoral crest in sauropods 
(Fig. 4.20).  Camarasaurus (Fig. 4.20B) may have had a more substanteal M. pectoralis than 
either Apatosaurus (Fig. 4.20A) or Diplodocus (Fig. 4.20B) based on the elongated sternal plates 
in Camarasaurus.  The elongated sternals would have provided a greater surface area for muscle 
insertion than the relatively shorter, narrower diplodocid sternals.  Perhaps this difference is 
related to the position of the limbs.  Because Camarasaurus forelimbs were more splayed and 
the humeral head more lateral than diplodocids, it seems likely that larger humeral adductors 
would have been necessary to keep the humerus in its proper vertical position during locomotion.    
 Filla and Redman (1994) indicate that Apatosaurus had a large M. pectoralis; however, 
they only illustrate a relatively small M. pectoralis coming from the sternal plates and a 
reconstructed presternum (Filla and Redman, 1994; fig. 4.13).  A large presternum was not 
assumed here because there is no evidence of cartilagenous structures in fossilized remains.  
Borsuk-Bialynicka (1977) indicates a similar M. pectoralis origin to the one proposed here, but 
suggests that the deltapectoral crest is only for insertion of M. pectoralis.  Therefore, she calls it 
the pectoralis crest. 
M. latissimus dorsi 
 M. latissimus dorsi originates from the fascia of the dorsal midline in Alligator and 
inserts on the proximodorsal surface of the humerus, directly dorsal to the deltapectoral crest.  It 
inserted with M. teres major onto the posterolateral margin of the proximal end of the humerus 
posterior to the deltapectoral crest in sauropods (see insertion of M. teres major in Figs. 4.21 A 
and B).  In Diplodocus and Camarasaurus, the scar for M. latissimus dorsi is represented by a 
small narrow raised ridge; however, in Apatosaurus, the insertion scar of M. latissimus dorsi is a 
broad rugose area on the posterolateral surface of the proximal humerus.  This enlarged rugose  
 122 
 
Figure 4.20.  Anterior view of muscular reconstructions on digitized forelimbs in A) 
Apatosaurus, B) Camarasaurus, and C) Diplodocus.  Abbreviations: M. sc = M. 
supracoracoideus, M. pec = M. pectoralis.  See Table 4.1 for specimen numbers. 
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muscle attatchment area in Apatosaurus for M. latissimus dorsi and M. teres major indicates that 
one or both of these muscles was more massive than those of Diplodocus and Camarasaurus.  
M. latissimus dorsi retracted the humerus posteriorly as well as dorsally in sauropods.  The 
increase in the size of M. latissimus dorsi can be directly correlated to the fact that the forelimb 
of Apatosaurus was more robust than either that of Camarasaurus or Diplodocus.  Indeed, when 
the three-dimensional forelimb reconstructions presented here are scaled to equal humeral 
lengths, the volume of the Apatosaurus forelimb is 110% that of Camarasaurus and 185% of 
that of Diplodocus. 
 Filla and Redman (1994, fig. 4.7) illustrate M. latissimus dorsi originating below M. 
trapezius and inserting posterior to the scapular deltoid (M. dorsalis scapulae), a position 
consistent with the description presented above, but there is no mention of M. latissimus dorsi in 
their text.  Borsuk-Bialynicka (1977, fig. 4.7) identified a small raised area just distal to the area 
of insertion described above as the insertion of M. latissimus dorsi.  However, Opistoceolicaudia 
is recognized as a titanosaur (Wilson and Sereno, 1998) and the musculature may be expected to 
deviate slightly from that of diplodocids and camarasaurids because of their more distant 
relationship. 
M. dorsalis scapulae (scapular deltoid) 
 M. dorsalis scapulae originates from the lateral anterior half of the scapular blade in 
Alligator and inserts on the posterolateral surface of the proximal humerus deep to the belly of 
M. deltoides scapularis.  M. dorsalis scapulae originated from the dorsolateral half of the scapula 
in sauropods and probably inserted near the proximolateral border of the posterior humerus (Figs 
21 C and D).  M. dorsalis scapulae would have helped retract the humerus and draw it towards 
the body.  Both Camarasaurus and Diplodocus have expanded distal scapulae (Figs. 4.17B and 
C).  In addition, the scapulae of both taxa expand dorsally indicating a greater surface area of 
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origin for M. dorsalis scapulae than in Apatosaurus, in which the scapula blade is not expanded 
distally.  In Camarasaurus, as with M. pectoralis, the enlarged M. dorsalis scapulae could have 
served to increase the lateral stability of the humerus.  The distally expanded scapula in 
Diplodocus, however, is more difficult to explain, because Apatosaurus was much more robust, 
but had an unexpanded distal scapula (Fig. 4.17 A).  Perhaps Apatosaurus forelimbs were more 
laterally stable than those of Diplodocus, or the increased mass of M. latissimus dorsi 
compensated for the smaller M. dorsalis scapulae, because their actions and insertions were 
similar.  
 Filla and Redman (1994, fig. 4.7) illustrate M. dorsalis scapulae in much the same 
position as that desribed above, but give no further details in the text.  Borsuk-Bialynicka (1977, 
fig. 4.6) illustrates the origin of the “scapular deltoid” (M. dorsalis scapulae) as a rugosity or 
tuberosity on the proximolateral scapular blade.  This interpretation of M. dorsalis scapulae is 
inconsistent with the known origin of the scapular deltoid in archosaurs and no such rugosity 
appears on any of the scapulae examined for this study.  Therefore, Borsuk-Bialynicka’s (1977) 
description of the insertion of M. dorsalis scapulae as the proximolateral surface of the humerus 
is consistent with the interpretation given above.   
M. teres major  
 M. teres major originates on the posterolateral surface of the scapula in Alligator and 
inserts with M. latissimus dorsi on the proximolateral surface of the posterior humerus.  M. teres 
major in sauropods appears to have originated from the ventrolateral surface of the scapula and 
inserted with M. latissimus dorsi onto the posterolateral margin of the proximal end of the 
humerus, posterior to the deltapectoral crest (Figs. 4.21 A and B).  Based on its location, M. teres 
major aids M. latissimus dorsi and M. dorsalis scapulae in retracting the humerus.  The insertion 
for M. teres major and M. latissimus dorsi is much larger in Apatosaurus than in Diplodocus or 
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Camarasaurus.  However, the ventrolateral portion of the scapula of Apatosaurus was no larger 
relative to the forelimb than that seen in Diplodocus and Camarasaurus based on the 
reconstructions presented here.  Therefore, it is likely that M. latissimus dorsi, not M. teres 
major, was the larger muscle in Apatosaurus, relative to the other species.   
 Filla and Redman (1994, fig. 4.7) do not mention M. teres major in the text, but their 
illustrations of the muscle agree with the placement of M. teres major presented here.  Borsuk-
Bialynicka (1977) does not mention or figure M. teres major. 
M. deltoides scapularis   
 M. deltoides scapularis  originates from the ventral surface of the acromion ridge in 
Alligator and inserts on the dorsal surface of the deltapectoral crest.  In sauropods, M. deltoides 
scapularis appears to have originated from the anterior surface of the acromion ridge and inserted 
on the lateral side of the deltapectoral crest and proximal humerus (Fig. 4.22).  Based on its 
location, M. deltoides scapularis would have drawn the humerus dorsally and posteriorly. The 
relative size of M. deltoides scapularis was probably smaller than in Alligator because the lateral 
surface of the deltapectoral crest was relatively smaller than the area of insertion on the Alligator 
humerus.  The M. deltoides scapularis of Camarasaurus was most likely more robust than that of 
diplodocids because of the relatively longer acromion ridge in Camarasaurus (Fig. 4.22B).  
However, if M. deltoides scapularis also originated from the anterior fossa of the scapula, 
Diplodocus may have had a larger M. deltoides scapularis because of the unusually long 
preacromion portion of the scapula.  
 Filla and Redman (1994, fig. 4.7) mention M. deltoides scapularis, but do not define its 
boundaries.  This text agrees with the reconstruction presented here; but, they figure the origin of 
M. deltoides scapularis as the acromion ridge and the entire dorsolateral surface of the proximal  
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Figure 4.21.  Reconstructed scapular musculature on digitized forelimbs in A and C) 
Apatosaurus and B and D) Camarasaurus.  Abbreviations: M. tm = M. teres major and M. ds  = 
M. dorsalis scapulae.  See Table 4.1 for specimen numbers. 
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scapula and coracoid.  The condition in Alligator suggests that this origin is too broad and should 
be limited to the acromion ridge.  The “scapulohumeralis” of Borsuk-Bialynicka (1977) is 
equivalent to M. deltoides scapularis and is described much as mentioned above, except Borsuk-
Bialynicka (1977) places the insertion as a small rugosity instead of the entire lateral surface of 
the deltapectoral crest.  
 
Figure 4.22.  Reconstructed M. deltoides scapularis on digitized forelimbs in A) Apatosaurus, B) 
Camarasaurus, and D) Diplodocus.  Abbreviations: M. delt = M. deltoides scapularis.  See 
Table 4.1 for specimen numbers. 
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M. supracoracoideus  
 M. supracoracoideus in Alligator originates from the medial surface of the anterior 
scapula coracoid and the cranial surface of the proximal coracoid and inserts on the proximal 
surface of the deltapectoral crest.  In sauropods, M. supracoracoideus would most likely have 
arisen from the dorsal surface of the coracoid and would have probably inserted on the proximal 
deltapectoral crest, just as in Alligator (Fig. 4.20).  With the coracoid in sauropods positioned in 
front of the humerus, M. supracoracoideus would have functioned as a humeral extensor.  Based 
on morphology alone, the coracoid of Apatosaurus would seem to have supported the most 
robust M. supracoracoideus of the three taxa considered here (Fig. 4.20A).  This assumption is 
supported by the robustness of the Apatosaurus forelimb. 
 Filla and Redman (1994) do not mention or figure M. supracoracoideus.  Borsuk-
Bialynicka (1977, Figs. 6, 7 and 9) places the origin of M. supracoracoideus on the lateral 
surface of the coracoid, just distal to M. coraco-brachialis and places the insertion on the lateral 
side of the humeral head.  The dorsal border of the coracoid seems like a more likely origin for 
M. supracoracoideus because M. coraco-brachialis probably originated from the greater part of 
the lateral coracoid, and the deltapectoral crest in sauropods does not extend to the lateral head of 
the humerus for insertion of M. supracoracoideus.  Also, such a proximal placement of M. 
supracoracoideus would have limited its mechanical advantage, suggesting that a more distal 
insertion is more likely. 
M. coracobrachialis  
 M. coracobrachialis originates from the ventral surface of the coracoid in Alligator, and 
inserts on the ventral surface of the humerus posterior to the deltapectoral crest.   M. 
coracobrachialis in sauropods would have originated from the lateral surface of the short 
coracoid, as well as possibly the lateral surface of the scapula directly above the glenoid, and 
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inserted on the broad area on the cranial surface of the humerus just medial to the deltapectoral 
crest (Fig. 4.23).  M. coracobrachialis is a humeral adductor in Alligator, but would most likely 
have been an extensor of the humerus in sauropods based on its location cranial to the brachial 
joint (Fig. 4.23).  M. coracobrachialis is a large muscle in Alligator, but was probably relatively 
reduced in sauropods. The reduction of this muscle in sauropods is not surprising as its original 
function was as an adductor.  The upright posture of sauropods (and all dinosaurs) means that 
adductor musculature is usually reduced or has another function.  All muscles originating on the 
coracoid, including M. coracobrachialis, were probably most robust in Apatosaurus of the three 
taxa discussed here, due to the enlarged coracoid.  Diplodocus had the weakest musculature 
based on the overall size of the origin and insertion area. 
 Filla and Redman (1994) do not illustrate or mention M. coracobrachialis.  Borsuk-
Bialynicka (1977, Figs. 6, 7, 9 and 10) places the origin of M. coracobrachialis on the distal, 
medial bend of the coracoid, based on its position in lizards and places the insertion on the 
humerus at two points, the anteroproximal surface of the humerus and the anteromedial surface 
of the medial condyle.  Unfortunately, lizards are not the best models for dinosaur limb posture 
because they are distantly related and their posture is so different.  M. coracobrachialis is large in 
Alligator because Alligator can assume several different postures ranging from sprawling to an 
almost upright “high walk.”  Lizards do not walk using a variety of postures, and do not assume 
the “high walk” position.  As for the distal insertion described by Borsuk-Bialynicka (1977), this 
slip is present in Alligator and it may have been present in sauropods, but there is no indication 
on the bones. 
M. anconeus (triceps) 
In Alligator, M. anconeus is a very complex muscle with five separate heads.  M. 
anconeus scapularis originates from the posterolateral rugosity on the scapula.  M. anconeus  
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Figure 4.23.  Reconstructed M. coraco-brachialis musculature on digitized forelimbs in A) 
Apatosaurus, B) Camarasaurus, and C) Diplodocus.  Abbreviations: M. cb = M. coraco-
brachialis.  See Table 4.1 for specimen numbers. 
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scapulocoracoideus originates as two separate tendons from the posterior surface of the scapula 
and coracoid.  These two tendons join to form a single large muscle.  The three humeral heads of 
M. anconeus originate from nearly the entire dorsal, anterior, and ventral surfaces of the humeral 
shaft.  All five heads join in Alligator to insert via a broad thick tendon on the posterior process 
of the ulna.  In sauropods, the placement of the scapula and coracoid heads of M. anconeus are 
unclear, but the humeral heads covered most of the posterior, lateral, and medial surfaces of the 
humerus.  How ever many heads were present in sauropods, they all united into a single massive 
tendon which inserted onto the wide triangular posterior process of the ulna.  M. anconeus was 
the antebrachial extensor.  While the true nature of M. anconeus may be unknown, the relative 
mass of the muscle was directly correlated to the insertion area and the size of the humerus.  
Apatosaurus has both the most massive humerus and largest posterior process of the taxa 
examined here and would have had a very robust M. anconeus (see Tables B.3 and B.4).  
Diplodocus, on the other hand, had a slim humerus and a poorly developed posterior process that 
would indicate very light triceps musculature (see Tables B.3 and B.4).  Camarasaurus is 
different from diplodocids in that the posterior process is directed posterolaterally and the 
humerus is relatively longer than in the other taxa.  The longer humerus meant that individual 
muscle fibers of M. anconeus were longer than in diplodocids and were relatively stronger.  The 
elongated humerus may be a modification for elevating the chest, but it could have also served to 
help the muscles gain a mechanical advantage with the arms articulated in the wider flexed 
posture mentioned in the first section. 
Borsuk-Bialynicka (1977, figs. 9 and 10) reconstructs the triceps (M. anconeus ) as a 
two-headed muscle with origins on the posterior glenoid and the posterior humerus, with the 
insertion as mentioned above.  It seems likely that there were more than two heads to the 
sauropod M. anconeus based on the condition in Alligator, and there was almost certainly much 
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more muscle mass than is figured by Borsuk-Bialynicka because otherwise the humerus would 
not be surrounded by muscle mass as it should be.  It is difficult to imagine such a massive 
muscle in Alligator having such a small origin in sauropods. 
 
Figure 4.24.  Digitized sauropod ulnae in proximal view showing insertion of M. anconeus 
(shaded areas mark insertion boundary). A) Apatosaurus (BYU 68–4720) (, B) Camarasaurus 
(P25182), and C) Diplodocus (AMNH5855).  Abbreviations: anc = M. anconeus, pp = posterior 
process, lp =lateral process, mp = medial process.  
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M. humeroradialis  
 M. humeroradialis in Alligator originates from the anterior surface of the humerus distal 
to the insertion of M. deltoides scapularis and runs along the anteroventral side of the humerus to 
insert on the proximal radius.  In sauropods there is no clear sign of the origin of M. 
humeroradialis.  However, assuming the comparison with Alligator is valid, a M. humeroradialis 
or equivalent muscle originated distal to the insertion of M. deltoides scapularis and inserted on 
the proximal anterior radius via a strong tendon.  M. humeroradialis would have been the major 
antebrachial flexor.  Based on the overall robustness of the forelimb, the relationships between 
Apatosaurus, Camarasaurus, and Diplodocus should have been the same, with Apatosaurus 
having the most robust M. humeroradialis and Diplodocus the most reduced. 
 Borsuk-Bialynicka (1977 figs. 9 and 10) reconstructs a single small biceps (M. 
humeroradialis) originating on the humerus at the base of the deltapectoral crest and inserting on 
the proximoanterior border of the radius.  This reconstruction is similar to the one proposed 
above. 
DISCUSSION 
Forelimb Functional Range of Motion 
 Combining articulation information and inferred musculature, the functional morphology 
in Apatosaurus, Diplodocus, and Camarasaurus can be evaluated.  By focusing on the brachial 
joint, the implications of articulation, orientation, and myology of various elements will be 
examined.  Each taxon will be evaluated for unique characteristics as well as patterns of 
movement.  Three-dimensional models are used to illustrate the various aspects of functional 
morphology.  This process will also be repeated for the antebrachial joint, followed by a short 
synopsis of the unique morphological and functional features of each taxon. 
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Brachial joint 
 In the sauropod brachial joint, osteology, not myology, of the forelimb restricts motion.  
The glenoid, which is elongate anteromedial-caudoventrally and narrow laterally, acts to 
severely restrict forelimb range of motion in sauropods.  It also appears that the pectoral girdle 
was immobile or nearly so.  The paired sternal plates almost certainly articulated with the cranial 
edges of the coracoids to form a pectoral yoke (Fig. 4.9).  This configuration would make it 
nearly impossible for the coracoid to have any significant cranio-ventral motion.   The head of 
the humerus has a small area which is elongated anteriorly and posteriorly to fit into the glenoid 
fossa (Fig. 4.11), and the humeral head is narrow mediolaterally.  These features combine to 
restrict the humerus to movement in one plane, anteromedial-caudoventrally.  This relationship is 
further emphasized by the orientation of the deltapectoral crest, which faces anteromedially (Fig. 
4.12), and the line of action of shoulder muscles which run in the same direction.  Walker and 
Liem (1994) state, “Most muscle fibers can contract about one-third of their resting length before 
actin myofilaments are completely pulled into the array of myosin ones.” One of the 
consequences of resticted motion in a single plane is that the brachial musculature does not act as 
the constraint to protraction and retraction of the humerus because no muscle would be stretched 
over one third of its resting length in the possible range of motion.   
 Range of motion of the humerus in the glenoid was estimated by rotating the humerus 
until the posterior edge of the humeral head was coincident with the posterior edge of the glenoid 
in extension and the anterior edge of the humeral head was coincident with the anterior edge of 
the glenoid in flexion. Surprisingly, although Apatosaurus, Diplodocus, and Camarasaurus have 
very different external morphologies, all were found to have about the same degree of motion in 
the brachial joint.  Perhaps the similarity in the range of motion is due to the constraints imposed 
on very large terrestrial animals.  Estimates for brachial joint extension ranged from 15º in 
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Apatosaurus to 19º in Camarasaurus, while estimates for flexion of the brachial joint were 
around 18º in all three taxa.  The total range of motion of the brachii of these three taxa must 
have been restricted to between 32º and 37º. 
 
Figure 4.25.  Reconstructed maximum range of motion of the digitized brachium in right lateral 
view in A) Apatosaurus, B) Camarasaurus, and C) Diplodocus.  Degrees indicate total range of 
extension and flexion within the brachium.  See Table 4.1 for specimen numbers. 
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Figure 4.26.  Animated sequence showing maximum extension and flexion of the digitized 
brachium in right lateral view in Apatosaurus (yellow), Camarasaurus (blue), and Diplodocus 
(red).  Sequence begins and ends with humerus in the neutral position.  See Table 4.1 for 
specimen numbers. 
 
 Despite the similar range of motion in the humerii, there are significant differences 
among the reconstructed musculature of the three taxa.  Apatosaurus has a very robust forelimb 
with large attachment sites for M. latissimus dorsi, M. deltoides scapularis, M. supracoracoideus, 
and M. coraco-brachialis.  Despite the large pectoral muscles, Apatosaurus has a narrow scapula 
that is unexpanded.  In contrast, Diplodocus has weak attachment sites for almost all the pectoral 
musculature, but a distally flared scapula.  If the dorsal distal scapula is presumed to be the site 
of origin for M. dorsalis scapulae, it must be assumed that Diplodocus had an inexplicably large 
M. dorsalis scapulae.  Camarasaurus also has an expanded distal scapula, a relatively longer 
humerus than the diplodocids, and a large origin for M. deltoides scapularis.  These features in 
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Camarasaurus may be linked to the wide stance of the forelimbs relative to the narrower 
diplodocid stance. 
Antebrachial joint 
 The antebrachial joint is very poorly developed in sauropods (see Fig. 4.17).  The ulna is 
unique among known vertebrates in having a lateral and a medial process which form a forward 
facing V to cradle the proximal radius (Figure 4.14B).  As stated previously, this configuration 
and the presence of distal ligament scars on the radius and ulna indicates strongly that the radius 
and ulna were immobile relative to one another.  The medial and lateral condyles of the humerus 
articulate with the medial and lateral condyles of the ulna and the radius articulates with the 
“anterior” condyle of the humerus (Fig. 4.16).  When properly articulated, the elbow is slightly 
bowed with the degree varying among taxa (Fig. 4.17). 
 The range of motion of the antebrachial joint is difficult to assess because the joint 
surfaces are so poorly ossified.  However, it is clear that motion is restricted to a single 
anteromedial-posterolateral plane.  Also, the flat condyles of the humerus make large angles of 
rotation impossible.  To determine range of motion of the antebrachial joint for this project, the 
joint was rotated until the dorsal surface of the ulna contacted the distal end of the humerus 
(Figs. 27 and 28).  Therefore, the numbers presented here are likely overestimates of actual range 
of motion, but relationships between taxa should be valid.  Extension was found to be about 20º 
in all three taxa.  Apatosaurus had the smallest degree of flexion at 26º while Camarasaurus and 
Diplodocus were capable of about 35º of flexion in the elbow.  The total range of motion in the 
antebrachium was found to be about 46º in Apatosaurus and around 55º in Camarasaurus and 
Diplodocus (Figs. 4.27 and 4.28).  
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Figure 4.27.  Reconstructed maximum range of motion of the digitized antebrachium in right 
lateral view in A) Apatosaurus, B) Camarasaurus, and C) Diplodocus.  Degrees indicate total 
range of extension and flexion of the antebrachial joint.  See Table 4.1 for specimen numbers. 
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Figure 4.28.  Animated sequence showing maximum extension and flexion of antebrachial joint 
of digitized forelimbs in right lateral view in Apatosaurus (yellow), Camarasaurus (blue), and 
Diplodocus (red).  Sequence begins and ends with antebrachium in the neutral position.  See 
Table 4.1 for specimen numbers. 
 
Variation among the taxa consisted mainly of postural differences and differences in 
robustness.  Apatosaurus was the most robust and had the largest posterior process on the ulna 
for insertion of M. anconeus.  Both Diplodocus and Apatosaurus have caudally facing posterior 
processes.  In Camarasaurus, however, the posterior process faces caudolaterally.  A 
caudolaterally facing posterior process and a medially placed humeral head produce a wide 
stance in Camarasaurus compared to diplodocids.  In diplodocids, the forelimbs articulate 
beneath the body wall and the elbow is nearly straight, whereas in Camarasaurus, the forelimbs 
articulate outside the body wall and the elbow is no ticeably bowed.  It may be that the elongated 
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humerus of Camarasaurus is in response to its wide stance.  The extra length could give M. 
anconeus musculature extra leverage on the antebrachial joint. 
 When the information from the brachial and the antebrachial joint dynamics and 
muscular data are considered, it is possible to predict the pattern of motion in these three 
sauropods. Figure 4.29 shows the effective range of motion in all three taxa in lateral view.  It is 
important to note that the humerus is actually moving in an anteromedial-postrolateral plane and 
the apparent range of motion is slightly smaller than the actual range of motion.  Because the 
limbs articulate under the body in diplodocids, both Apatosaurus and Diplodocus have a very 
narrow stride with the radius nearing the midline of the body as the humerus is protracted (Fig. 
4.30).  Camarasaurus is very different, however, and the wide neutral stance, combined with a 
similar range of forelimb motion as diplodocids, produces a wider stride (Fig. 4.30).   
It has been suggested that sauropods used their single manual claw as a weapon (Paul, 
1987).  Although this study did not examine the manus in detail, the restricted range of motion in 
the brachial joint, permanently pronated manus (Bonnan, 2001), and lack of adduction in the 
forelimb would have rendered the manual claw ineffective as a weapon, and I concur with the 
assessment of Bonnan (2001) that the large manual claws of diplodocids were probably for 
stabilization over soft or uneven terrain.      
CONCLUSIONS 
 Based on the morphological data and three-dimensional reconstructions presented here, 
the forelimbs of sauropods were columnar in form with little flexion of the antebrachial joint.  
Orientation of the glenoid fossa, deltapectoral crest and pectoral musculature confirm that the 
forelimb was restricted to movement in an anteromedial-posterolateral direction. Apatosaurus 
was the most robust sauropod considered in this study and would have had more robust pectoral 
musculature than either Diplodocus or Camarasaurus.  Perhaps the most interesting finding of  
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Figure 4.29.  Animated sequence showing right lateral view of maximum extension and flexion 
of brachial and antebrachial joint in the digitized forelimbs of Apatosaurus (yellow), 
Camarasaurus (blue), and Diplodocus (red).  Sequence begins and ends with the forelimb in the 
neutral position.  See Table 4.1 for specimen numbers. 
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Figure 4.30.  Animated sequence showing dorsal view of maximum extension and flexion of 
paired brachial and antebrachial joints in the digitized forelimbs of Apatosaurus (yellow), 
Camarasaurus (blue), and Diplodocus (red).  Sequence begins and ends with forelimbs in the 
neutral position.  See Table 4.1 for specimen numbers. 
 
this study is that morphological differences in individual elements indicate overall stance 
differences.  The key elements for determining stance differences in sauropods are the humerus 
and ulna.  Diplodocids had a narrow stance, which kept the limbs under the body and produced 
narrow stride widths when the animal walked.  Camarasaurus had a wider stance with the limbs 
held slightly outside the body and produced relatively wide stride widths.  Results of this study 
also indicate that the large manual claws of diplodocids would have been ineffectual weapons 
based on the movement constraints within the forelimb.  Future research should focus on testing 
the three-dimensional modeling techniques presented here on modern large mammal limbs to 
determine if it is possible to accurately predict range of motion in an animal for which the actual 
 143 
range of motion can be measured.  Further refinements of the models presented here may also 
help determine which types of sauropods made the various track types seen throughout the 
Morrison Formation. 
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CHAPTER 5.  FUNCTIONAL MORPHOLOGY OF THE HINDLIMB IN THREE NORTH 
AMERICAN JURASSIC SAUROPODS 
 
INTRODUCTION 
This study uses three-dimensional models of actual appendicular elements to examine 
articulation, reconstructed myology, and functional range of motion of the hindlimb in three 
sauropods: Apatosaurus, Diplodocus, and Camarasaurus.  These taxa were the most common 
Late Jurassic sauropods in North America, and numerous limb elements are known from each.  
The relative abundance of well preserved materia l from these taxa offers the best opportunity to 
gain insights into hindlimb function in sauropod dinosaurs in general, and also allows for the 
comparison of multiple sauropod taxa in order to understand morphological, functional, and 
locomotor diversity within Sauropoda.  The pes (hind foot) has been eliminated from this 
analysis because it does not contribute significantly to the range of motion of the hindlimb. 
Articulation and inferred musculature were used to investigate the functional morphology 
of the hindlimb.  Articulation of the hind limb was based on unique morphological characters in 
each of the three taxa.  Patterns of muscular architecture were inferred based on comparisons 
with Alligator mississippiensis.  Articulation and musculature data were used to estimate range 
of motion of the femoral and femorotibial joints in each taxon.  Range of motion data and 
articulation data were compared among the three taxa to illuminate differences in overall 
locomotor patterns.  Finally, results of the forelimb study (see Chapter 4) were combined with 
the results of this study to examine aspects of sauropod behavior such as rearing and defense. 
PREVIOUS STUDIES 
 The only comprehensive study of functional morphology in sauropods to date is that of 
Bonnan (2001).  Bonnan investigated hindlimb morphological variation and function using a 
variety of techniques including thin plate spline analysis, comparative studies using elephants 
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and alligators as models, manual manipulation of elements to determine range of motion in the 
pes and crus, and two dimensional graphic analyses to determine range of motion of the femur.  
Bonnan (2001) outlined general patterns related to sauropod limb biomechanics based on 
Camarasaurus, Diplodocus, and Apatosaurus and focused primarily on the pes.  The current 
study focuses on biomechanical differences among the three taxa, and uses three dimensional 
reconstructions of digitized elements to examine and illustrate patterns of hindlimb articulation 
and joint motion.  Whereas Alligator was used as a model in both and Bonnan (2001), I present a 
detailed dissection of the Alligator pectoral, brachial, pelvic and thigh musculature (see Chapter 
2) to provide a solid foundation for muscular reconstructions.  Qualitative variations in 
morphology presented in Chapter 3 among Camarasaurus, Diplodocus, and Apatosaurus are 
used to infer postural and functional differences between those taxa.  The pes has also been 
excluded from the current study and emphasis is placed on the pelvis and hindlimb.   
Sauropod hindlimb musculature reconstructions have been published by Borsuk-
Bialynicka (1977) and Romer (1923).  Romer (1923) only illustrated the origins of the pelvic 
musculature in Camarasaurus and focused on patterns of pelvic musculature in all saurischians, 
not just sauropods.  Borsuk-Bialynicka (1977) presented reconstructions of the appendicular 
musculature in a single taxon, Opisthocoelicaudia.  The current study differs from Romer (1923) 
in that both pelvic and femorotibial joint musculature are examined and illustrated.  Neither 
Romer (1923) nor Borsuk-Bialynicka (1977) presented comparative musculature data to assess 
differences among separate taxa.  Also, from descriptions in the text, it seems that the 
musculature reconstructions of Borsuk-Bialynicka (1977) are based primarily on lizards.  The 
current study uses Alligator as a model for sauropod muscular architecture because both are 
archosaurs. 
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INSTITUTIONAL ABBREVIATIONS 
 The following institutional abbreviations are used throughout the text: American Museum 
of Natural History, AMNH; Brigham Young University Earth Science Museum, BYU; Carnegie 
Museum of Natural History, CM; Dinosaur National Monument, DNM; University of Kansas, 
KUVP; Museum of Western Colorado, MWC; Field Museum of Natural History, P; South 
Dakota School of Mines, SDSM; University of Utah, UUVP; University of Wyoming, UW; 
Wyoming Dinosaur Center, WDC; and Yale Peabody Museum, YPM. 
MATERIALS AND METHODS 
Approximately one hundred elements (see Tables B.1 and B.2) from eleven different 
institutions were digitized using an Immersion Microscribe three-dimensional digitizer (see 
Chapter 1).  Digitized bone halves were assembled by Arthur Andersen of Virtual Surfaces and 
articulated and animated by the author using Discreet’s 3D Studio Max modeling software.  
Composite hindlimbs were assembled using the most well preserved elements (see Table 5.1).  
Composite skeletons were based on proportions from individual complete, or nearly complete, 
mounted skeletons (CM 84 and USNM 10865, Diplodocus; CM 11338, Camarasaurus; and 
CM3018, Apatosaurus).  Vertebrae were reconstructed as cylinders based on measurements of 
these same mounted specimens.  The figures are color coded such that red represents 
Diplodocus, yellow represents Apatosaurus, and blue represents Camarasaurus throughout.  
Approximately six preserved and six fresh specimens of Alligator mississippiensis, 
ranging in length from one to two meters, were dissected and skeletonized to establish patterns of 
archosaur forelimb musculature.  Alligator was chosen because crocodilians are the only extant 
quadrupedal archosaurs and Alligator is the most readily available crocodilian in the US.  Muscle  
origins and insertions were determined from preserved specimens and marked on prepared 
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Table 5.1. .  List of digitized specimens used for  
Hindlimb reconstructions presented in this paper. 
 
Element Side Specimen # Taxon 
Ilium L CM21746 Apatosaurus 
ilium L DNM 1253 Camarasaurus 
ilium L DNM1018 Diplodocus 
    
Ischium L BYU 681-16964 Apatosaurus 
Ischium R UUVP4350 (cast) Camarasaurus 
Ischium R DNM 1227 Diplodocus 
    
Pubis L CM 563 Apatosaurus 
Pubis R UUVP4939 (cast) Camarasaurus 
Pubis L BYU 681-12915 Diplodocus 
    
Femur R BYU 601-17103 Apatosaurus 
Femur L Cast of YPM5723 Camarasaurus 
Femur L AMNH5855 Diplodocus 
    
Tibia L BYU 681-13326 Apatosaurus 
Tibia L YPM5861 Camarasaurus 
Tibia R BYU 681-4718 Diplodocus 
    
Fibula R BYU 681-12804 Apatosaurus 
Fibula L KUVP573 Camarasaurus 
Fibula L MWC No # Diplodocus 
    
Astragalus L BYU 681-17093 Apatosaurus 
Astragalus L CM1955 Camarasaurus 
Astragalus R BYU 681-4700 Diplodocus 
    
Chevron Na BYU 681-16806 Apatosaurus 
 
Alligator appendicular elements.  These marked origins and insertions were used to locate 
probable origins and insertions of individual muscles on the sauropod forelimb. 
 Several assumptions were made in order to attempt a reconstruction of the sauropod 
hindlimb.  The effects of allometry on hindlimb morphology were assumed to be negligible.  
Wilhite (1999) demonstrated that in at least one taxon, Camarasaurus, the limbs grow 
isometrically based on elements ranging in size from baby (1/16 adult size) to adult.  Further 
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measurements of appendicular elements indicate that limbs also grow isometrically in both 
Apatosaurus and Diplodocus (Personal Obs.).  It also is assumed that the thickness of cartilage is 
uniform across the joint surfaces (see below for exception).  Dissections of Alligator joints 
support this assumption.  It is also assumed that the origins and insertions of muscles in the 
sauropod forelimb are homologous with those in Alligator because both are archosaurs. 
HINDLIMB ARTICULATION 
Pelvis 
 The pelvis is composed of three separate elements: the ilium, ischium, and pubis (Fig. 
5.1).  The ilia articulate medially with the sacral ribs to form a sturdy sacral yoke.  Ventrally, the 
anterior pubic peduncle of the ilium articulates with the pubis, and the small posterior ischiatic 
peduncle articulates with the ischium to form the open acetabulum characteristic of all dinosaurs 
(Figs. 5.1.1a, 5.1.2a, and 5.1.3a).  The pubes articulate along their medial border to form a pubic 
apron.  The distal end of the pubis is massive, with a large medial surface for articulation of the 
distal pubes.  The ischia join along their medial border, with the exact angle varying among taxa 
(see Chapter 2).  The fused ischia form an ischial apron, so that when the pelvis is viewed from 
below there is only a small open area where the ishia and pubes are joined.  Sacral ribs were not 
digitized for this study, therefore the width of the pelvis was determined by the angle of 
articulation of the distal ischia and pubes. 
  The morphology of the pelvis varies among taxa.  Within North American diplodocids, 
Apatosaurus has the widest pelvis relative to its overall size (Fig. 5.1.2b), whereas, Diplodocus 
has one of the narrowest pelves (fig. 5.1.1b) based on the reconstructions presented here.  
Camarasaurus differs significantly from diplodocids in the morphology of the ischium.  Based 
on the preserved articulation surfaces in diplodocids, the ischium articulates with the pelvis at 
about 30º from horizontal (Figs 5.1.1b and 5.1.2b), but in Camarasaurus, the shaft of the 
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ischium is rotated to lie virtually horizontal (Figs. 5.1.3b).  The ischia of diplodocids articulate 
with one another over a broad medial surface; whereas, in Camarasaurus, the ischial shaft 
articulates along a thin medial border.  The pubes of both Apatosaurus and Diplodocus have a 
pronounced ambiens process on the anteroproximal border (Figs. 5.1.1 and 5.1.2a) (see Chapter 
2).  There is no trace of an ambiens process in Camarasaurus.  The pubic shaft in Camarasaurus 
is also broader anteroposteriorly than in Apatosaurus and Diplodocus (Figs. 5.1.1b, 5.1.2b, and 
5.1.3b). 
 The sauropod femur is a massive element with a distinct head and anteroventrally 
compressed oval shaft in most taxa.  However, the diplodocid Amphicoelias (Wilson and Sereno, 
1998), as well as approximately half the known Diplodocus femurs from the Dry Mesa Quarry of 
western Colorado, have a circular femoral shaft (Personal obs.).  Unlike other saurischians, the 
sauropod femur has a straight shaft.  The large femoral head articulates within the acetabulum of 
the pelvis such that the highest point on the femoral head articulates with the dorsal surface of 
the acetabulum (Fig. 5.2).  Much of the proximal end of the femur is thus outside the 
acetabulum.  Distally, the medial (tibial) condyle of the femur is the smaller condyle and 
articulates with the tibia, whereas the lateral (fibular) condyle of the femur is the larger condyle 
and articulates with both the tibia (medially) and the fibula (laterally). 
 The femora in Diplodocus, Apatosaurus, and Camarasaurus exhibit morphological 
differences which have functional implications.  The head of the Camarasaurus femur is well 
defined, with a distinct separation from the lateral proximal surface of the femur (Fig. 5.3.3a); 
Whereas, Diplodocus and Apatosaurus lack a well defined femoral head (Figs. 5.3.1a and 5.3.2a)  
The circular femoral shaft found in some diplodocids is also significantly different from that of 
both Camarasaurus and Apatosaurus.  The fourth trochanter in Camarasaurus is located near the 
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Figure 5.1.  Articulated digitized sauropod pelves in a) left lateral and b) posterior views.  1) 
Diplodocus, 2) Apatosaurus, and 3) Camarasaurus.  Abbreviations: acet = acetabulum and amb 
= ambiens process.  See Table 5.1 for specimen numbers. 
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Figure 5.2. Articulated digitized sauropod pelves and femora in a) left lateral, b) posterior, and 
c)dorsal views.  1) Diplodocus, 2) Apatosaurus, and 3) Camarasaurus.  See Table 5.1 for 
specimen numbers. 
 
middle of the femoral shaft (Fig. 5.3.3b), but is positioned nearer the proximal end of the femur 
in diplodocids (Figs. 5.3.1b and 5.3.2b).  The distal femoral condyles in diplodocids are uneven 
with the medial (tibial) condyle being the longest (Figs. 5.3.1a and 5.3.2a) (Foster, pers. comm. 
and Wilhite, pers. obs.) while in Camarasaurus, the condyles are of equal length (Fig. 5.3.3a).  
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Figure 5.3. Digitized left sauropod femora in a) posterior and b) medial views.  1) Apatosaurus 
(BYU 601–17103), 2) Diplodocus (AMNH5855), and 3) Camarasaurus (Cast of YPM5723).  
Abbreviations: fc = fibular condyle, tc = tibial condyle. 
 The fibula is longer than the tibia in sauropods (see Tables B.7 and B.8) in order to 
articulate distally with the fibular fossa of the astragalus (Fig. 5.4).  The tibia has a well defined, 
anteriorly directed cnemial crest into which the proximal end of the fibula is articulated (Fig. 
5.4).  The fibula articulates such that the long side of the triangular-shaped tibial ligament scar 
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rests against the posterior edge of the cnemial crest.  The cnemial crest covers the cranial border 
of the proximal fibula in both Apatosaurus and Camarasaurus (Figs. 5.4B and 5.4C).  The 
reduced cnemial crest in Diplodocus, however, does not totally conceal the cranial edge of the 
proximal fibula (Fig. 5.4A).  The distal tibia articulates tightly with the astagalus, forming a 
distal roller joint with the proximal metatarsals (Bonnan, 2001). 
 
Figure 5.4. Articulated digitized left sauropod tibiae, fibulae, and astragali in anterior view.  A) 
Diplodocus, B) Apatosaurus, and C) Camarasaurus.  See Table 5.1 for specimen numbers. 
 The tibia articulates with the medial (tibial) condyle of the femur as well as the medial 
part of the lateral (fibular) condyle (Fig. 5.5).  The proximal end of the fibula only articulates 
with the portion of the lateral condyle of the femur lateral to the intracondylar groove (Fig. 5.5).   
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Figure 5.5. Articulated digitized hindlimbs of A) Diplodocus, B) Apatosaurus, and D) 
Camarasaurus in posterior view.  Abbreviation: intra = intracondylar groove.  See Table 5.1 for 
specimen numbers. 
 
The most significant difference observed between the knee joints of Apatosaurus, 
Diplodocus, and Camarasaurus is the orientation of the distal femoral condyles.  In order to 
properly align the distal femur with the proximal tibia and fibula in diplodocids, the femur must 
be rotated medially so that distal condyles of the femur are horizontal (Figs 5.5A and 5.5B).  
Otherwise the knee joint is wedge-shaped, with the lateral surface having a greater separation 
between the femur and crus than the medial surface.  When articulated based on the joint 
parameters used here, the hindlimbs of Diplodocus and Apatosaurus have a “knock kneed” 
appearance, with the knees inverted towards one another, producing a narrow stance (Figs 5.5 
and 5.6).  The narrow stance of Diplodocus is exaggerated because of the narrow pelvis relative 
to Apatosaurus (Figs. 5.2.1b, 5.2.2b, 5.5A, and 5.5B).  In Camarasaurus, the distal condyles are 
coequal in length and the hindlimbs articulate in a wider straight legged stance (Figs. 5.5 and 
5.6). 
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Figure 5.6.  Comparative three-dimensional animations of digitized sauropod hindlimbs.  From 
left to right: Diplodocus (red), Apatosaurus (yellow), and Camarasaurus (blue).  Sequence 
begins with hindlimbs in posterior view.  See Table 5.1 for specimen numbers. 
 
RECONSTRUCTED MYOLOGY 
 Using the external muscles of the pelvis and description of the known muscular 
morphology in Alligator, one can infer the supposed muscular morphology in sauropods.  
Unfortunately, many muscle origins cannot be identified on the sauropod hindlimb.  Focus here 
is on the major locomotor muscles of the hindlimb for which origins and insertions can be either 
confidently identified or reasonably inferred from comparisons with Alligator.  In addition, 
comparisons are made to previous work on sauropod hindlimbs (Borsuk-Bialynicka, 1977 and 
Romer, 1923). 
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M. extensor ilio-tibialis  
 M. extensor ilio-tibialis of Alligator is composed of three heads originating on the 
dorsolateral surface of the ilium.  M. extensor ilio-tibialis anterior is an insignificant muscle 
originating from the anterodorsal margin of the ilium and inserting on the belly of M. femoro-
tibialis.  M. extensor ilio-tibialis medialis is the largest of the three heads and originates from 
most of the dorsolateral border of the ilium. M. extensor ilio-tibialis posterior originates just 
posterior to M. extensor ilio-tibialis medialis on the lateral surface of the ilium. The medial and 
posterior heads join to insert via a thick aponeurosis to the proximal anterior surface of the tibia.   
M. extensor ilio-tibialis in sauropods was a prominent muscle of the lateral thigh (Fig. 
5.7).  There is no obvious separation between the origins of the heads of M. extensor ilio-tibialis 
on the dorsal margin of the sauropod ilium.  It is likely, however, that M. extensor ilio-tibialis 
was composed of at least two major heads as in Alligator.  Unlike the condition in Alligator, 
however, the sauropod ilium has a significant preacetabular process.  M. extensor ilio-tibialis 
anterior probably originated from the entire preacetabular margin of the ilium and inserted on the 
tibia just medial to the cnemial crest (Figs. 5.7 and 5.8).  This head would have functioned as an 
extensor of the crus.  M. extensor ilio-tibialis medialis probably originated from the dorsocentral 
margin of the ilium and inserted via a stout, wide tendon onto the rugose antromedial surface of 
the cnemial crest (Fig. 5.7).  The function of M. extensor ilio-tibialis would have been as a 
femorotibial joint extensor because it ran along the lateral surface of the thigh and inserted on the 
cnemial crest cranial to its origin on the ilium (Fig. 5.7).  M. extensor ilio-tibialis posterior may 
have been absent in sauropods or, if present, inserted with M. extensor ilio-tibialis medialis on 
the cnemial crest.  M. extensor ilio-tibialis in all three taxa appear to have been very similar.  
Camarasaurus, however, appears to have had a slightly more gracile M. extensor ilio-tibialis 
than either Apatosaurus or Diplodocus.  The interpretation of the origin of M. extensor ilio-
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tibialis presented here agrees with that given by Romer (1923a) and Borsuk-Bialynicka (1977, 
figs. 12 and 17). 
 
Figure 5.7. Left lateral view of reconstructed M. extensor ilio-tibialis musculature on digitized 
articulated hindlimbs of A) Diplodocus, B) Apatosaurus, and C) Camarasaurus.  Abbreviations: 
M. eita = M. extensor ilio-tibialis anterior and M. eitm = M. extensor ilio-tibialis medialis.  See 
Table 5.1 for specimen numbers. 
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M. ilio-fibularis 
        M. ilio-fibularis in Alligator originates on the lateral surface of the ilium and inserts onto 
the prominent muscle scar on the proximolateral fibula.  M. ilio- fibularis in sauropods would 
have originated from the lateral surface of the ilium, most likely from the portion posterior to the 
acetabulum (Fig. 5.8).  M. iliofibularis inserted via a stout round tendon onto the prominent 
muscle scar approximately one third of the way down on the lateral surface of the fibula (Fig. 
5.8).  This muscle is a narrow muscle in Alligator, but may have been larger in sauropods based 
on the pronounced insertion scar on the lateral fibula. M. iliofibularis was a flexor of the crus in 
sauropods. 
Romer (1923a, fig. 2) illustrates the origin of M. iliofibularis as the posterolateral surface 
of the ilium deep to the origins of M. flexor tibialis externus and M. flexor tibialis internus.  This 
origin is similar but not identical to that presented above.  Borsuk-Bialynicka (1977, fig. 15) 
illustrates a more dorsal origin for M. iliofibularis than the one presented above and indicates 
that M. iliofibularis inserted on the posteroproximal border of the fibula.  Borsuk-Bialynicka 
(1977, figs. 16 and 17) indicate that the muscle scar described above as the insertion of M. 
iliofibularis is the origin for M. flexor digitorum longus, an opinion also shared by Bonnan 
(2001).  Based on this work, it appears that the deep oval pit on the lateral side of the fibula is an 
insertion for a stout round tendon and not the origin of the digital flexors.  The scar is the only 
prominent one on the fibula and is located on the lateral side of the fibula, as in Alligator.  The 
more distal placement of the insertion would also have given M. iliofibularis a better mechanical 
advantage than a proximal insertion (Hildebrand, 1995).  A more distal insertion is not possible 
in Alligator because of its sprawling posture and flexed femorotibial joint. 
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M. flexor tibialis externus  
 M. flexor tibialis externus in Alligator originates from the posterodorsal surface of the 
ilium and inserts onto the tendon of M. gastrocnemius.  M. flexor tibialis externus in sauropods 
originated from the posterodorsal surface of the ilium as in Alligator and inserted either onto the 
posteroproximal surface of the tibia (fig. 5.8) or the tendon of M. gastrocnemius, as in Alligator.  
M. flexor tibialis externus was a femorotibial joint flexor in sauropods. 
 The origin for M. flexor tibialis externus presented here is similar to the one described by 
Romer (1923a, fig. 2).  Borsuk-Bialynicka (1977, fig. 17) shows two heads of a M. flexor tibialis 
without a designation as either M. flexor tibialis externus or M. flexor tibialis internus.  One of 
the heads figured comes from the ischium and the other from the posterior surface of the ilium.  
The head originating from the ischial shaft has an origin more distal than that presented above, 
whereas the reconstructed head from the posterior surface of the ilium is similar to that proposed 
for M. flexor tibialis internus described below.   
M. flexor tibialis internus  
 M. flexor tibialis internus is composed of three heads in Alligator.  M. flexor tibialis 
internus anterior originates from the ischium between M. ishiofemoralis and M. adductor 
femoris.  M. flexor tibialis internus medialis originates from the distal ishium anterior to M. 
ischiocaudalis and posterior to M. adductor femoris.  M. flexor tibialis internus posterior 
originates from the posteroventral surface of the ilium ventral to the origin of M. flexor tibialis 
externus.  All three heads insert together via a short, broad tendon onto the proximoventral 
surface of the tibia.  The precise origins of the various heads of M. flexor tibialis externus in 
sauropods is difficult to discern, but at least one head originated from the posterior surface of the 
ilium, possibly from the portion of the ilium posterior to the ischial peduncle of the ilium (Fig.  
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Figure 5.8. Left lateral view of reconstructed M. iliofibularis and M. flexor tibialis externus 
musculature on digitized articulated hindlimbs of A) Diplodocus, B) Apatosaurus, and C) 
Camarasaurus.  Abbreviations: M. eita = M. extensor iliotibialis anterior, M. ifib = M. 
iliofibularis, and M. fte = M. flexor tibialis externus.  See Table 5.1 for specimen numbers. 
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5.9).  Another head may have taken origin from the lateral surface of the iliac peduncle of the 
ischium (Fig. 5.8).  M. flexor tibialis internus medialis may have been absent in sauropods 
because it seems unlikely that limb musculature would have originated from the elongated 
ischial shaft (Paul, 1987).  The heads of M. flexor tibialis internus inserted on the 
posteroproximal surface of the tibia in sauropods (fig. 5.9) and functioned as flexors of the 
femorotibial joint.  The origin for M. flexor tibialis internus given here agrees with the illustrated 
origin in Romer (1923a, fig. 2).  Borsuk-Bialynicka (1977, fig. 17), as mentioned above, 
illustrates a M. flexor tibialis with no other designation, but the iliac head is similar to M. flexor 
tibialis internus decribed above. 
 
Figure 5.9.  Posterior view of reconstructed M. flexor tibialis internus  musculature on digitized 
articulated hindlimbs of A) Diplodocus, B) Apatosaurus, and C) Camarasaurus.  Abbreviation: 
fti = M. flexor tibialis internus.  See Table 5.1 for specimen numbers. 
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M. ambiens  
 M. ambiens in Alligator consists of two heads. M. ambiens anterior originates from the 
dorsolateral margin of the ischium and inserts onto the belly of M. femorotibialis.  M. ambiens 
posterior is a multipennate muscle which originates from the anterior surface of the pubis at the 
point of the pubisischium juncture and inserts via a long thin tendon to the lateral crus and to M. 
gastrocnemius.  The nature of M. ambiens anterior in sauropods is not clear; however, M. 
ambiens posterior originated from the anterior pubis just ventral to the pubic peduncle of the 
ilium and may have inserted onto the tendon of M. gastrocnemius as well as the proximoanterior 
surface of the fibula (Fig. 5.10).  The size and shape of M. ambiens origin varies in the three taxa 
being examined here.  Diplodocus has a pronounced ambiens process (Fig. 1.1.1a) and it is 
“hook-shaped” with a pronounced ventral projection in well preserved specimens.  Apatosaurus 
also has a distinct dorsoventrally elongate squared off ambiens process (Fig. 1.1.2a).  
Camarasaurus lacks a distinct M. ambiens process and the anteroproximal pubis simply tapers 
ventrally from the ilium-pubis suture (Fig. 1.1.3a).  The most likely interpretation of this feature 
seems to be that diplodocids had a significantly larger M. ambiens relative to Camarasaurus.  M. 
ambiens extends the femerotibial joint in sauropods. 
 The origin of M. ambiens defined above is similar to that illustrated by Romer (1923a, 
fig. 2), except that he also shows a portion of M. ambiens originating from the pubic peduncle.  
Borsuk-Bialynicka (1977, fig. 17) illustrates M. ambiens as a thin strap-like muscle originating 
from the anteroproximal pubis and inserting on the cnemial crest of the tibia with M. extensor 
iliotibialis.  M. ambiens was almost certainly a multipennate muscle as described above for 
Alligator, because pennate muscle fibers can generate more power than longitudinal muscle 
fibers, but they do not contract as far as longitudinal muscle fibers (Walker and Liem, 1994).  
Also, M. ambiens inserts on the lateral crus and would probably not have inserted on the cnemial 
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crest of the tibia because the tendon of M. ambiens wraps around the femerotibial joint from the 
medial side to the lateral side.  
 
Figure 5.10.  Anterior view of reconstructed M. ambiens posterior and M. iliofemoralis internus 
musculature on digitized articulated hindlimbs of A) Diplodocus, B) Apatosaurus, and C) 
Camarasaurus.  Abbreviations: M. ambp = M. ambiens posterior and M. ifi = M. iliofemoralis 
internus.  See Table 5.1 for specimen numbers. 
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M. iliofemoralis  
 M. iliofemoralis in Alligator originates from the lateral surface of the ilium deep to M. 
femorotibialis and inserts onto most of the lateral surface of the femur between M. femorotibialis 
anterior and M. femorotibialis posterior.  M. iliofemoralis in sauropods originated from the 
lateral surface of the ilium deep to M. flexor tibialis externus musculature and probably inserted 
on the proximal surface of the femur lateral to the femoral head (Fig. 5.11).  M. iliofemoralis in 
sauropods helped stabilize the femur in the acetabulum, because abduction was virtually 
impossible due to the large dorsally flattened femoral head.  The origin for M. iliofemoralis 
presented above is nearly identical to that illustrated by Romer (1923a, fig.2) and Borsuk-
Bialynicka (1977). 
M. adductor femoris  
 M. adductor femoris in Alligator originates from the lateral surface of the ischium and 
inserts on the ventral surface of the femur between M. ishiofemoralis and M. femorotibialis.  M. 
adductor femoris in sauropods probably originated from the broad anterolateral surface of the 
ischium and may also have had some origin from the posterolateral surface of the pubis (Fig. 
5.12).  It seems unlikely that M. adductor femoris would have originated from the elongate 
ischial shaft.  M. adductor femoris inserted onto the medial shaft of the femur (Fig. 5.12) and 
would have adducted the femur. 
 Romer (1923a, fig. 2) illustrates two femoral adductors, both coming from the ischium.  
Romer notes that in theropod dinosaurs identifiable muscle scars are located very close to there 
respective positions in crocodilians.  Therefore, he considers the pubis as an origin for M. 
ambiens and M. pubofemoralis externus only.  The sauropod pubis is very robust, however, and 
this study suggests that M. adductor femoris may have also taken origin from the posterolateral 
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surface of the pubis.  Borsuk-Bialynicka (1977, fig. 13) also places the origin of M. adductor 
femoris soley on the shaft of the ischium. 
 
Figure 5.11.  Left lateral view of reconstructed M. iliofemoralis and M. femorotibialis 
musculature on digitized articulated hindlimbs of A) Diplodocus, B) Apatosaurus, and C) 
Camarasaurus.  Abbreviations: M. ilf = M. iliofemoralis and M. ft = M. femorotibialis.  See 
Table 5.1 for specimen numbers. 
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Figure 5.12.  Posterior left lateral oblique view of reconstructed M. adductor femoris 
musculature on digitized articulated hindlimbs of A) Diplodocus, B) Apatosaurus, and C) 
Camarasaurus.  Abbreviation: M. af = M. adductor femoris.  See Table 5.1 for specimen 
numbers. 
 
 168 
M. iliofemoralis internus  
 M. iliofemoralis internus in Alligator originates from the medioventral surface of the 
ilium and ventral surface of the first sacral rib, wraps around the cranial surface of the ilium, and 
inserts on the proximal femur between the origin of M. femorotibialis anterior and the insertion 
of M. iliofemoralis.  Based on the morphology of the ilia in both groups, the origin of M. 
iliofemoralis internus in sauropods was probably similar to that seen in Alligator (Fig. 5.10).  M. 
iliofemoralis internus then wrapped around the cranial surface of the pubic peduncle and may 
have inserted on the proximolateral border of the femur in an area marked by linear rugosities 
(Fig. 5.10).  M. iliofemoralis internus protracted the femur.  
  Romer (1923a) does not illustrate or mention M. iliofemoralis internus.  Borsuk-
Bialynicka (1977, fig 17) illustrates an origin for M. iliofemoralis internus similar to that 
mentioned above, however, she places the insertion approximately one fourth of the way down 
the femur.  A more proximal insertion of M. iliofemoralis internus is advantageous, because the 
angle of muscular action illustrated by Borsuk-Bialynicka (1977, fig. 17) would have limited the 
effectiveness of the muscle. 
M. caudofemoralis longus  
 M. caudofemoralis longus in Alligator originates from the lateral surface of the first 11-
13 chevrons as well as the ventral surfaces of the proximal caudals and inserts via a large stout 
tendon onto the fourth trochanter of the femur.  The tendon then splits and continues down the 
leg as a long round tendon and inserts on the lateral surface of the distal femur and proximal tibia 
and joins the tendon of M. gastrocnemius.  M. caudofemoralis longus in sauropods originated 
from the lateral surfaces of the proximal chevrons and inserted onto the prominent fourth 
trochanter about one third of the way down the posterior surface of the femur (Fig. 5.13).  As in 
Alligator, the tendon of M. caudofemoralis longus most likely continued down the posterior 
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surface of the leg and inserted onto the distal femur, proximal tibia, and the tendon of M. 
gastrocnemius.  The origin of M. caudofemoralis longus varied among taxa.  Wilhite (2002) 
noted that the presence of the “sled-shaped” chevron morphology, for which diplodocids are 
known, indicates the maximum extent of M. caudofemoralis longus in those taxa.  In 
Diplodocus, these chevrons begin at or before caudal 12 (McIntosh, 1990) and at or before 
caudal 18 in Apatosaurus (McIntosh et. al., 1997).  It would seem, therefore, that Diplodocus had 
a shorter M. caudofemoralis longus than Apatosaurus.  Perhaps the difference in M. 
caudofemoralis longus length is related to the overall robustness of the individual taxa.  Because 
Diplodocus is more gracile than Apatosaurus it would be expected to have a shorter M. 
caudofemoralis longus.  However, based on comparisons between Apatosaurus (CM3018) and 
Diplodocus (USNM 10865) skeletons, the chevrons in Diplodocus were relatively longer than 
those of Apatosaurus, indicating a more robust M. caudofemoralis longus in Diplodocus than 
Apatosaurus.  The chevrons in Camarasaurus do not exhibit the anterior-posterior expansion 
seen in diplodocids and it is therefore difficult to know exactly where M. caudofemoralis longus 
ends.  Gatesy (1990) demonstrated that the extent of M. caudofemoralis longus in theropods can 
be estimated by the number of caudals with caudal ribs.  Camarasaurus has caudal ribs on the 
first 10–12 caudals (McIntosh et. al. 1996) and M. caudofemoralis longus probably did not 
extend far beyond this point.  M. caudofemoralis longus was the major retractor of the hindlimb 
in sauropods. 
 Borsuk-Bialynicka (1977) describes the origin of M. caudofemoralis longus as the ventral 
and lateral surfaces of the caudal centra with no mention of an origin on the chevrons, but the 
insertion is the same as described above. 
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Figure 5.13.  Left lateral view of reconstructed M. caudofemoralis longus musculature on 
digitized articulated hindlimbs of A) Diplodocus, B) Apatosaurus, and C) Camarasaurus.  See 
Table 5.1 for specimen numbers. 
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M. caudofemoralis brevis  
 M. caudofemoralis brevis in Alligator originates from the last sacral vertebra and the 
posteroventral surface of the ilium and inserts on the fourth trochanter of the femur with M. 
caudofemoralis longus.  Based on similarities to Alligator, M. caudofemoralis brevis in 
sauropods probably originated from the last one or two sacral ribs as well as the ventral surface 
of the ilium.  However, the ilium of Alligator has a much longer postacetabular portion relative 
to the size of the pelvis than does that of sauropods.  It seems reasonable to assume that M. 
caudofemoralis brevis was also reduced in sauropods compared to extant archosaurs.  M. 
caudofemoralis brevis aids M. caudofemoralis longus in retraction of the hindlimb.  Borsuk-
Bialynicka (1977) places the origin of M. caudofemoralis brevis similar to that described above, 
but places the point of insertion in a slightly more medial position. 
M. femorotibialis  
 M. femorotibialis in Alligator is composed of two distinct heads divided by M. 
iliofemoralis proximally.  M. femorotibialis anterior originates from the entire anterior, 
anterodorsal, and anteroventral surface of the femur.  M. femorotibialis posterior originates from 
the posterior surface of the femur between the insertions of M. iliofemoralis and M. 
ishiofemoralis.  The two heads join and insert as a broad thick tendon to the cranial surface of the 
tibia as well as a small tendon to M. gastrocnemius.  The exact origin of M. femorotibialis in 
sauropods is unclear, but surely included most of the anterior, medial, and lateral surface of the 
middle and distal femur (Fig. 5.11) because M. femorotibialis constitutes the major muscle mass 
of the lower thigh in Alligator.  M. femorotibialis probably inserted via a large tendon on the 
proximal surface of the tibia and cnemial crest deep to the insertion of M. extensor iliotibialis 
(Fig. 5.11).  Based on the relative size of the cnemial crest, it seems likely that Apatosaurus had 
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the most robust M. femorotibialis.  However, Camarasaurus had very robust femora and may 
have also had a significant M. femorotibialis.  The purpose of M. femorotibialis was to extend 
the femorotibial joint.  The origin and insertion of M. femorotibialis presented here agrees with 
that illustrated by  Borsuk-Bialynicka (1977, fig. 17). 
Hindlimb Musculature  Summary 
 Contrary to the numerous differences observed in the forelimb musculature of 
Diplodocus, Apatosaurus, and Camarasaurus (see Chapter 4), the hindlimbs of all three taxa 
show very little differences in the pattern and size of the various muscle groups based on the 
reconstructions presented here.  The one notable exception is M. caudofemoralis longus.  The 
described differences in the size of M. caudofemoralis longus in the three taxa given above are 
based on relative chevron length, relative caudal length, and chevron morphology.  The idea that 
chevron length is related to M. caudofemoralis longus robustness is new, because the origin of 
M. caudofemoralis longus in archosaurs previously has been reported as being the transverse 
processes and bodies of the caudal vertebrae (Romer, 1923b; Chiasson, 1962; Reese, 1915; and 
Gatesy, 1990).  The relatively longer chevrons observed in Diplodocus, however, are 
counterintuitive because Apatosaurus is much more robust overall.  Mass estimates for 
Apatosaurus range from 33 to 37 tons, while mass estimates for a Diplodocus of comparable 
length range from 6 to 12 tons (Alexander, 1989).  One possible explanation for this observed 
disparity is small sample size because relatively complete skeletons of both Diplodocus and 
Apatosaurus are rare.  The reconstructions of Apatosaurus presented here are based on 
measurements of Apatosaurus louisae (CM 3018) (Gilmore, 1936).  The reconstructions of 
Diplodocus are based on Diplodocus carnegei (CM 84) (Hatcher, 1901) and USNM 10865 (pers. 
obs.).  Another possibility is that chevron length is a sexually dimorphic character.  Assuming 
sauropods mated like other large quadrupeds, the male would have had to rear up to mount the 
 173 
female.  Perhaps the male needed larger femoral retractors for this purpose.  If so, the sample 
used for this study may represent male Diplodocus and female Apatosaurus specimens.  A third 
possibility is that Diplodocus engaged in some activity requiring larger femoral retractors than 
Apatosaurus.  If some hypotheses regarding rearing are correct, Diplodocus would have been 
more likely to rear on its hindlimbs for feeding, defense, etc. than Apatosaurus (Bonnan, 2001).  
If this were the case, then Diplodocus would be expected to have a larger M. caudofemoralis 
longus than Apatosaurus. 
DISCUSSION 
Hindlimb Functional Range of Motion 
 Based on the above information, the functional morphology of the hindlimb in 
Apatosaurus, Diplodocus, and Camarasaurus can be analyzed.  I will begin by focusing on the 
hip joint and examine the implications of the articulation, orientation, and myology of the 
various elements.  Each taxon will be evaluated for unique functional characteristics as well as 
overall patterns of limb motion.  Three-dimensional models illustrate these features in each 
section.  This process will also be repeated for the knee joint, and I will end with a short synopsis 
of the unique morphological and functional features of each taxon. 
Femoral Joint 
 Unlike the shoulder joint, the hip joint is not well constrained in a parasagittal plane by 
osteology.  Adduction and abduction of the femur, however, was clearly restricted due to the 
mediolaterally broad but anteroposteriorly narrow femoral head.  With this configuration, even a 
small amount of lateral or medial movement in the femur would have caused the femoral head to 
rub against the sides of the acetabulum.   
 Because the range of motion of the femur in the acetabulum cannot be determined based 
on osteological restrictions, changes in muscle lengths were used for this purpose.  With regard 
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to femoral protraction, M. iliofemoralis internus was the only femoral protractor examined for 
this study.  The other femoral protractor in Alligator, M. quadratus lumborum, takes origin from 
the ventral transverse processes of the lumbar vertebrae.  Because vertebral anatomy was not 
investigated in sauropods for this study, the morphology of M. quadratus lumborum in sauropods 
is unknown.  M. iliofemoralis internus is impossible to model given the current limitations of the 
three dimensional software used in this study because it completely wraps around the pubic 
peduncle forming a U-shaped configuration. 
 Femoral retraction and protraction were, therefore, modeled based on changes in length 
of M. caudofemoralis longus, the primary femoral retractor.  Based on Walker and Liem (1994), 
McGowan, (1999), and McMahon (1975), I assumed that M. caudofemoralis longus could both 
contract and extend about one third of its resting length.  Results of modeling M. caudofemoralis 
longus indicate that both Diplodocus and Apatosaurus were capable of about 37º of femoral 
retraction and protraction while Camarasaurus was capable of about 30º of femoral retraction 
and protraction (Fig. 5.13 and 5.14).  The main reason for the difference is the more distally 
located fourth trochanter in Camarasaurus relative to diplodocids (Fig. 5.3).  Because of its more 
distal insertion, M. caudofemoralis longus in Camarasaurus retracted the femur with greater 
force than in diplodocids but allowed a smaller angle of retraction than the more proximal M. 
caudofemoralis longus insertion in diplodocids (Hilderbrand, 1995). 
Whereas the above limits restrict the range of motion of the femoral joint to a maximum 
of approximately 60º in Camarasaurus  and 74º in diplodocids (Figs. 5.13 and 5.14), it is 
doubtful that the femur actually rotated through such a large arc because the brachial joint was 
only capable of between 33º and 37º (see Chapter 4)of rotation.  Because the forelimb was 
shorter than the hindlimb in all three taxa, the hindlimb would overtake the forelimb during 
normal walking if it rotated through an arc as high as 74º.  It seems likely, therefore, that the 
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range of motion of the femur during normal walking did not exceed the range of motion seen in 
the humerus (33º - 37º). 
 
Figure 5.14.  Left lateral view of femoral retraction and protraction in digitized femora and 
pelves of A) Diplodocus, B) Apatosaurus, and C) Camarasaurus based on action of M. 
caudofemoralis longus.  See Table 5.1 for specimen numbers. 
 
 
Figure 5.14.  Animation of retraction and protraction of the femur in digitized femora and pelves 
of Diplodocus (red), Apatosaurus (yellow), and Camarasaurus (blue) in left lateral view based 
on contraction and extension of M. caudofemoralis longus.  See Table 5.1 for specimen numbers. 
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The above estimates of femoral protraction and retraction agree with those estimates 
given by Bonnan (2001) using two dimensional drawings.  However, Bonnan (2001) estimates 
the femoral rotation in all three taxa at 60º.  The results presented here suggest that the amount of 
femoral rotation possible in diplodocids was more than that possible in Camarasaurus (74º 
versus 60º).  Bonnan (2001) also does not note the differences in the location of the fourth 
trochanter among Jurassic taxa, a difference that accounts for the greater femoral rotation in 
diplodocids.  Bonnan also notes that the absolute numbers for femoral protraction and retraction 
are almost certainly overestimates.  However, based on his calculations of humeral protraction 
and retraction, Bonnan (2001) places the probable limits of femoral rotation at somewhat less 
than 60º based on the fact that the hindlimb is longer than the forelimb in all three taxa.  The 
results presented here indicate that humeral protraction and retraction was closer to 30º or 40º 
(see Chapter 4).  This lower estimate for humeral swing indicates that femoral swing was 
probably less than 40º total during normal walking. 
Femorotibial Joint 
 While rotation of the femur can only be limited in any meaningful way by changes in 
overall muscle length, the range of motion in the knee joint is well constrained osteologically.  
The shape and size of the femoral condyles limited the amount of rotation possible about the 
knee joint.  Of the three taxa examined for this study, Camarasaurus had the most 
anteroposteriorly expanded femoral condyles (Fig. 5.3.3b).  Rotation of the tibia and fibula about 
the femoral condyles indicates that the maximum amount of flexion in the Camarasaurus knee 
joint was about 39º compared to 31º in Diplodocus and 34º in Apatosaurus (Figs. 5.14 and 5.15).  
The degree of extension in the knee joint for all three taxa was found to be about 16º (Figs. 5.14 
and 5.15).  Therefore, the total range of motion about the knee joint was found to be between 45º 
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- 55º (Figs. 5.14 and 5.15), agreeing with Bonnan (2001), who estimated the amount of rotation 
possible in the knee by manually articulating museum specimens.  Bonnan noted also that the 
larger femoral condyles in Camarasaurus may have been indicative of a greater range of motion 
in the knee.  This observation is born out by the three dimensional reconstructions presented 
here.  However, these three dimensional models further indicate that Apatosaurus was capable of 
slightly more flexion in the knee than Diplodocus (34º versus 31º). 
 
Figure 5.15.  Flexion and extension of the femorotibial joint in digitized hindlimbs of A) 
Diplodocus, B) Apatosaurus, and C) Camarasaurus in left lateral view based on the shape of the 
femoral condyles.  See Table 5.1 for specimen numbers. 
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Figure 5.16.  Animation of femorotibial joint flexion and extension in digitized hindlimbs of 
Diplodocus (red), Apatosaurus (yellow), and Camarasaurus (blue).  Animation begins in left 
lateral view and rotates clockwise.  See Table 5.1 for specimen numbers. 
 
Functional Implications  
Stance and Gait 
 As mentioned above, Diplodocus had the narrowest stance of the three taxa examined due 
to a narrow pelvis and angled femoral condyles (Figs. 5.5 and 5.17).  Camarasaurus also had a 
relatively narrow pelvis based on the reconstruction presented here (Fig. 5.17C), but the flat 
femoral condyles produced a relatively wide stance (Fig. 5.5C).  In contrast, the reconstruction of 
Apatosaurus indicates an exceptionally wide pelvis (Fig. 5.17B) but the angled femoral condyles 
produced a stance which was narrower than Camarasaurus but wider than a comparably sized 
Diplodocus (Fig. 5.5).  
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 These differences in stance must have translated to differences in gate.  Diplodocus 
would have produced the narrowest gauge trackways of the three taxa examined here.  Also, the 
relatively longer crus in Diplodocus (Fig. 5.5) would have allowed Diplodocus to cover the same 
amount of distance as a comparably sized Apatosaurus or Camarasaurus with a shorter femoral 
swing.  Apatosaurus would also have produced narrow gauge trackways, but wider than 
Diplodocus.  Camarasaurus would have produced noticeably wider trackways than either 
Diplodocus or Apatosaurus.  This observation is supported by the interpretation of the forelimb 
posture in Camarasaurus (see Chapter 4) that indicates a much wider forelimb stance in 
Camarasaurus than in either diplodocid. 
 
Figure 5.17.  Reconstructed digitized thorax and proximal caudals of A) Diplodocus, B) 
Apatosaurus, and C) Camarasaurus in dorsal view.  See Table 5.1 for specimen numbers. 
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Tripodal Rearing 
 The idea that sauropods reared up on their hindlimbs and supported themselves with their 
caudal vertebrae was first articulated by Hatcher (1901).  Since that time, numerous authors have 
proposed reasons for tripodal rearing including feeding (Bakker, 1986), defense (Paul, 1987), 
and courtship display (Bakker, 1987).  The history of these controversial theories is elaborated 
well by Bonnan (2001).  However, a consideration of the effects of muscular anatomy on these 
theories may provide input into this controversy. 
 Rotation of the femur is restricted by changes in the length of M. caudofemoralis longus.  
If sauropods engaged in rearing behavior, M. caudofemoralis longus would have been the major 
muscle acting on the body during rotation of the thorax.  If it is assumed that the femur remained 
in or near its neutral position, the extent to which a sauropod could rear (assuming no other 
structural constraints) can be estimated by changes in length of M. caudofemoralis longus during 
rearing (Figs. 5.18.1a, 5.18.2a, and 5.18.3a).  Using this logic it is difficult to believe that 
Diplodocus could have assumed a tripodal posture because the front of the body is still well in 
front of the pelvis even after maximum M. caudofemoralis longus contraction (Fig. 5.18.1a).  It 
seems clear from the reconstruction that there is no way for the tail to act as a support structure 
in this position.  Consequently, a rearing Diplodocus would have been forced to rely on the 
retracted M. caudofemoralis longus for support during any bipedal phase.  However, if the 
hindlimb were rotated forward (in this case 7º) it is possible to elevate the thorax to the point 
where the body can be supported by the tail and hindlimbs (Fig. 5.18.1b).  But even forward 
rotation of the femur does not put Apatosaurus in a position to support its weight using the 
caudals (Fig. 5.18.2b). 
 181 
 
Figure 5.18.  Digitized left lateral view of rearing sauropods with a)femur in neutral position and 
b) femur rotated forward 7º.  1) Diplodocus, 2) Apatosaurus, and 3) Camarasaurus.  See Table 
5.1 for specimen numbers. 
 
Further evidence that diplodocids were poorly adapted to tripodality can be found in the 
stance of diplodocids and the shape of the femoral condyles (Fig. 5.3).  Wilson and Carrano 
(1999) noted that the lateral femoral condyle is longer than the medial femoral condyle in many 
titanosaurs.  From this, they concluded that titanosaurs had a much wider stance than other 
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sauropod groups.  Wilson and Carrano (1999) inferred that the wider stance of titanosaurs may 
be an adaptation for tripodality or bipedality because the wider stance would help support the 
body during rearing.  Applying this hypothesis to diplodocids, it seems that they are poorly 
adapted for tripodality based on stance as well.  As noted above, diplodocids have a longer 
medial femoral condyle and a shorter lateral femoral condyle, indicating a narrow stance (Figs. 
5.3 and 5.5).  Furthermore, Diplodocus has the narrowest reconstructed stance of the three taxa 
examined in this study and probably one of the narrowest stances of any Jurassic sauropod (Fig. 
5.5).  If Wilson and Carrano (1999) are correct, diplodocids almost certainly did not rear 
tripodally as part of their everyday behavior.  At best, tripodal rearing was probably a last resort 
when food was unavailable elsewhere. 
Based on the criteria outlined by Wilson and Carrano (1999), Camarasaurus appears to 
be most well adapted to bipedality of the three taxa examined here (Fig. 5.18.3).  In fact, Bakker 
(1987) pointed to other features such as the tall dorsal neural arches as evidence that 
Camarasaurus could occasionally even walk bipedally.  The primary morphological feature of 
the hindlimbs that indicates possible bipedal capabilities in Camarasaurus is flat femoral 
condyles which produce a wider stance in Camarasaurus than in either diplodocid (fig. 5.5).  
Whereas Wilson and Carrano (1999) cite Camarasaurus as an example of a narrow gauge track 
maker, the current study has shown that Camarasaurus has a wide forelimb stance and a 
relatively wide hindlimb stance.  Wilson and Carrano (1999) point out that wide gauge sauropod 
trackways are present in the Middle and Upper Jurassic and suggest that these trackways may 
indicate a thus far undiscovered lineage of titanosaur.  The results of this study indicate that 
Camarasaurus could be the source of such trackways and other nondiplodocids such as 
Haplocanthosaurus and Brachiosaurus should be investigated as possible wide gauge 
trackmakers as well. 
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 Although it seems unlikely that most, if any, Jurassic sauropods reared tripodally as part 
of their normal behavior, it seems likely that at least males would have reared up bipedally on 
occasion to mate.  Perhaps this is the explanation for the excessive amount of femoral rotation 
observed in these three taxa.  The results presented here indicate that it was at least possible for 
both diplodocids and Camarasaurus to assume a bipedal position on occasion.   
CONCLUSIONS 
 Functional differences in the hindlimb are primarily linked to morphological variation in 
the femur and pelvis.  The pelvis of Diplodocus, as reconstructed here, is exceptionally narrow, 
which resulted in a very narrow stance.  This narrow stance was further enhanced by the 
morphology of the femoral condyles.  The medial condyle was longer than the lateral condyle in 
diplodocids producing a “knock kneed” appearance.  Conversely, the femoral condyles in 
Camarasaurus were coequal in length and produced a wide stance even though the pelvis was 
relatively narrow.  Hindlimb musculature was very conservative in sauropods and the only 
significant differences noted in this study were shape and mass differences of M. caudofemoralis 
longus.  M. caudofemoralis longus was the major retractor of the hindlimb and appears to have 
been larger in Diplodocus than in Apatosaurus and Camarasaurus based on available data.  
Diplodocids were probably capable of about 37º of femoral retraction compared to 30º in 
Camarasaurus.  The smaller angle of femoral retraction in Camarasaurus is due primarily to the 
more distally placed fourth trochanter of the femur.  Based on these modeling studies the crus 
was capable of between 48º and 55º of rotation in the three taxa examined.  Crus rotation in 
Camarasaurus was found to be greater primarily due to increased anteroposterior width of the 
femoral condyles.  The possibility of tripodal rearing in diplodocid sauropods is considered low 
based on femoral retraction, femoral morphology, and stance in diplodocid sauropods.  However, 
it is feasible that all three sauropods examined in this study could assume a bipedal posture for 
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some length of time.  Future work should focus on modeling the limbs of other sauropods such 
as titanosaurs and incorporating modeled caudal vertebrae and sacra to better refine the model 
presented here.  Also, based on the stance differences in Diplodocus, Apatosaurus, and 
Camarasaurus, it seems likely that tracks of these taxa could be distinguished from one another.  
Future three dimensional analyses should focus on accurately reproducing trackways along with 
the track makers to see if they can be correlated. 
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CONCLUSIONS 
 
 A new approach to sauropod studies using three-dimensional digitized data, combined with 
muscular data from extant crocodilians, and observations of numerous sauropod specimens has been 
used to produce a comprehensive picture of the appendicular skeleton in Apatosaurus, Diplodocus, 
and Camarasaurus, yielding many new insights into sauropod anatomy.  The method of capturing 
three-dimensional digitized data developed in this project proved to be cost efficient and quick.  Most 
important of all, it yielded digital data that could be manipulated on a desktop computer. 
Observations of more than 550 individual limb elements from multiple sauropod taxa were used to 
assess qualitative morphological differences in the sauropod appendicular skeleton. The most variation in 
the appendicular skeletons of North American Jurassic sauropods appears to be in the scapulocoracoid, 
humerus, femur, and ischium.  Although variation within the appendicular skeletons of three Jurassic genera 
(Diplodocus, Apatosaurus, and Camarasaurus) is well understood, morphological variability in numerous 
taxa known only from a limited number or even single specimens is still enigmatic.  For this reason 
Apatosaurus, Diplodocus, and Camarasaurus were selected for this study. 
Approximately 12 specimens of Alligator were dissected to understand patterns of archosaur 
musculature.  The dissections described here demonstrate many differences from earlier studies in the 
interpretation of muscle origins and insertions.  The most functionally significant of these differences is 
the interpretation of the origin and insertion of M. caudofemoralis longus.  Previously reported origins 
from the transverse processes and the caudal bodies link M. caudofemoralis longus to the vertebral 
musculature of the caudal vertebrae.  The origin described here, from the chevrons, frees M. 
caudofemoralis longus from an intimate association with vertebral musculature.  This new interpretation 
also underscores the significance of chevron morphology in determining size and extent of M. 
caudofemoralis longus in sauropods. 
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Sauropod morphological data and Alligator muscular data were used to produce a 
comprehensive picture of the articulation, musculature and function of the forelimb and hindlimb in 
Apatosaurus, Diplodocus, and Camarasaurus. The forelimbs of sauropods were columnar in form 
with little bending of the brachial-antibrachial joint being possible.  Orientation of the glenoid fossa, 
deltapectoral crest and pectoral musculature all confirm that the forelimb was restricted to movement in 
an anteromedial-posterolateral direction. Apatosaurus was the most robust sauropod in this study and 
would have had more robust pectoral musculature than either Diplodocus or Camarasaurus. 
Functional differences in the hindlimb are linked to morphological variation in the femur and 
pelvis.  The pelvis of Diplodocus is exceptionally narrow, which resulted in a very narrow stance.  This 
narrow stance was further enhanced by the morphology of the femoral condyles.  The medial condyle 
was longer than the lateral condyle in diplodocids producing a “knock-kneed” appearance.  
Conversely, the femoral condyles in Camarasaurus were coequal in length and produced a wide 
stance even though the pelvis was relatively narrow.  Diplodocids kept the limbs under the body, which 
produced narrow stride widths when the animal walked.  Camarasaurus had a wider stance with the 
limbs held slightly outside the body, which produced relatively wide stride widths. 
Hindlimb musculature was very conservative in sauropods and the only significant differences 
noted in this study were shape and mass differences of M. caudofemoralis longus.  M. caudofemoralis 
longus was the major retractor of the hindlimb and appears to have been larger in Diplodocus than in 
Apatosaurus and Camarasaurus based on available data.  Based on changes in length of M. 
caudofemoralis longus, diplodocids were probably capable of about 37º of femoral retraction compared 
to 30º in Camarasaurus.  The smaller angle of femoral retraction in Camarasaurus is due primarily to 
the more distally placed fourth trochanter of the femur.  The femorotibial joint was capable of between 
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48º and 55º of rotation in the three taxa examined.  Femorotibial joint rotation in Camarasaurus was 
found to be greater due primarily to increased anteroposterior width of the femoral condyles.   
Several behavioral inferences can be made based on the results of this study, and some 
previously proposed behaviors are seen as impossible or rare.  The large manual claws of diplodocids 
would have been ineffectual weapons based on movement constraints within the forelimb, which could 
not be swung laterally.  The probability of tripodal rearing in diplodocid sauropods as a common feeding 
posture is considered low, based on femoral retraction, femoral morphology, and stance.  However, it is 
feasible that all three sauropods examined in this study could assume a bipedal posture for short 
periods, for example, during mating.  
Future work should focus on modeling the limbs of other sauropod groups such as titanosaurs 
and modeling the caudal vertebrae and sacrum to better refine the model presented here.  Also, the 
three dimensional modeling techniques presented here could be tested using modern large mammal limbs 
as models to determine if they accurately predict the range of motion in an animal for which the actual 
range of motion can be measured. Finally, based on the stance differences in Diplodocus, 
Apatosaurus, and Camarasaurus, it seems likely that tracks of these taxa could be distinguished from 
one another.  Future three-dimensional analyses of walking should focus on accurately reproducing 
trackways, along with the track makers, to see if they can be correlated. 
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APPENDIX A: DIGITIZING PROCEDURE 
The technique used to obtain three-dimensional data for this study is described below.  
The technique is presented as a series of steps in order to make the process as clear as possible.  
Many of the steps are required for other methods common to the instrument, but it is relevant to 
the description of the new method to include them here.  The software used was Rhinoceros V1.0 
for windows.  Hardware included an Immersion Microscribe three-dimensional digitizer 
connected to a Pentium II, 400 mhz PC.  
 Step 1:  Select a suitable specimen for digitizing.  For the purposes of this study each 
element needed to be complete and relatively undistorted.  Other studies may not require such 
rigorous standards.  Figure 1.3 shows a sauropod humerus that meets the necessary requirements 
of the current study. 
 Step 2:  Position the digitizer, computer, and specimen relative to one another.  The 
computer must be positioned so that commands can be entered while digitizing is in progress.  
Position the digitizer and specimen relative to one another so the digitizing arm has the 
maximum possible range of motion along the bone.  It is important not to move the specimen or 
the digitizer during a scan.  In the following steps, it is assumed that the digitizer is positioned 
behind the specimen and in front of the user with the digitizer power switch and ports facing 
away from the user (Fig. 1.1).  Also, the foot pedal is assumed to be positioned such that the 
cables coming from the pedal face away from the user.   
 Step 3:  Position and stabilize the bone for digitizing.  It is best to find the most stable 
orientation. In this study, the humerus and femur were found to be most stable when positioned 
with either the anterior or posterior side laying on the floor or table.  The lower limb bones are 
more stable when oriented with the lateral or medial side facing up or down.  An exception to 
this is the sauropod ulna, which is difficult to stabilize so that it can be digitized from both sides 
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easily.  Place clay underneath corners of the bone until it is stabilized and will not move with 
normal hand pressure. 
 Step 4:  Mark registration points on the specimen.  Because the specimen will need to be 
digitized from both sides, it is essential to mark registration points to facilitate integration of 
scanned halves.  Initially, numerous registration marks were made around the bone, but it was 
soon realized that four registration points are adequate for most elements.  White correction fluid 
was used here, but a pencil mark could have been used as well.  Remove marks after digitizing is 
complete. 
 Step 5:  Initialize the digitizer.  Before setting up the digitizer, make a XY coordinate 
plane on the surface that the digitizer and specimen are resting on.  Select TOOLS, DIGITIZE , 
CONNECT from the main task bar, or press the digitizer icon and select the appropriate 
digitizer.  Follow the prompts and enter the origin, x-axis and y-axis by moving the digitizer 
stylus to the appropriate location on the coordinate grid and pressing the right foot pedal or 
mouse button.  The XY axes must be entered in the positive direction; otherwise the digitized 
image will appear upside down.  The digitizer is now ready to receive data. 
 Step 6:  Set up the program to receive data.  In the Rhinoceros program there are no 
default units selected.  Go to the TOOLS menu and select OPTIONS and then select UNITS.  
Here the user can select the desired units of measurement for data collection.  Millimeters were 
chosen for the current project.  Next select the method by which data will be collected.  This can 
be done either by pressing the SKETCH CURVE button (dotted curved line on the digitizing 
menu) or by selecting TOOLS, DIGITIZE, SKETCH CURVE from the main menu.   
Next the user must select what kind of data is to be collected.  For the first part of the 
digitizing process, registration oints must be collected as point data.  To do this, deselect 
CLOSED CURVES and CURVES; then select POINTS.  Data spacing (the interval at which 
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data points will be captured) must also be set at this point.  For large limb elements such as 
sauropod bones, 10mm seems to work well.  If the element is smaller, a shorter interval is 
necessary.  Finally, press the OK button and move to Step 7. 
 Step 7:  Input registration points.  Select the SKETCH CURVE icon and move the 
digitizer arm to one of the marked registration points and press the right mouse key or foot pedal 
(remember to immediately release the mouse button or foot pedal or the digitizer will continue 
collecting data).  A point will appear on the appropriate spot on the displayed grid (it may be 
necessary to zoom out to see the point if a large specimen is being digitized).  Next press the left 
mouse button or left foot pedal, and the previous command line will reappear.  Move to the next 
point and repeat the process.  Do this for all the preselected registration points.  After entering 
the last registration point, zoom out and check that all the registration points appear on the screen 
(Fig. A.1) and go to Step 8. 
 
Figure A.1.  Screen capture showing how registration points should appear when properly 
digitized (labels added for clarity). 
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Step 8:  Digitize the first half of the element.  Select the SKETCH CURVE icon, press 
the O key, and then press ENTER to display the DIGITIZE OPTIONS menu.  Deselect POINTS 
and select CURVES (be sure that the CLOSED CURVES option is not selected).  Then select 
OK.  Move the digitizer stylus to the desired starting point.  It is not necessary to begin a scan at 
one end of the element: however, all but a small number of elements in this study were digitized 
from end to end.  Starting on the side farthest from the user, position the stylus roughly halfway 
down the side of the element.  This may also be done on the near side, but it was found to be 
very difficult to push the stylus away from the operator in a smooth curve over the surface of the 
element.  Press the right input button and continue to hold it as the stylus is pulled approximately 
halfway down the other side of the bone and release the input button.  The curve described will 
display as a series of points at the selected interval as the stylus is being moved and will change 
to a solid curve after the input button is released.  After finishing the first curve, press the left 
input button and the cursor will reappear.  Move the stylus to the next desired starting position 
and press and hold the right input button.  From this point, follow the same procedure as before 
and continue down the length of the element to the other end (Fig. A.2).  The interval between 
each curve is arbitrary, but curves should be drawn more frequently over areas exhibiting key 
features such as muscle scars.  The wider the interval, however, the smoother the lofted surface 
will be.  Make fewer curves in areas where there are minimal morphological data, such as the 
shaft of limb bones. 
Step 9: Loft a surface over the curves.  It is essential to create a rendered surface model 
of each completed scan in order to check the accuracy of the model.  Select the LOFT option 
from the SURFACE menu or select the LOFT icon.  Using the computer mouse, select the first 
curve at one end of the element.  The curve will turn yellow indicating it is selected (Fig. A.3).  
When the curve is selected the point at which the cursor is placed on the curve determines the 
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Figure A.2.  Screen capture of digitized anterior half of an Apatosaurus left humerus (AMNH 
6114) showing digitized curves capturing the shape of the bone. 
 
direction of the curve.  That is, if the point selected is to the right or left of the midline of the 
curve that direction will be assigned as the direction of the curve.  It is essential that each curve 
be selected by moving the cursor to the same side of the curve midline.  Failure to do this will 
produce a twisted surface (Fig. A.4).  Also, each curve must be selected in order from one end of 
the element to the other.  Failure to do this will produce a surface that doubles back on itself 
(Fig. A.5).  Curves may be skipped but not subsequently selected for a given lofting operation.  
After all the curves have been selected, press the ENTER key.  A wireframe surface will appear 
over the curves and a dialog box entitled LOFT OPTIONS will appear (Fig. A.6).   
It is at this point that the surface must be evaluated for accuracy.  There are any number 
of ways to do this, but I have found the following sequence to produce the quickest and best 
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results.  Leave the default settings and select SHADED PREVIEW.  The screen will now show a 
shaded surface.  Compare this surface to the original element (Fig. 1.2).  Rotate the element by 
selecting the ROTATE option under the VIEW menu or by selecting the rotate icon from the 
taskbar.  Holding down the left mouse key, rotate the surface in various directions and check for 
errors in the surface relative to the original.  If any errors are apparent, select CANCEL in the 
LOFT OPTIONS dialog box and delete the erroneous curve or curves.  At this point, a new curve 
can be added following the instructions above, or the surface may be lofted again minus the 
erroneous curve.  Assuming the surface accurately represents the element being digitized, other 
options in the LOFT OPTIONS dialog box may be changed as the user desires.  When the 
desired surface function is found, select OK. 
 
Figure A.3. Screen capture of digitized anterior half of an Apatosaurus left humerus (AMNH 
6114) showing digitized curves which have been properly selected for lofting. 
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Figure A.4.  Screen capture showing an incorrectly lofted surface in which curve direction was 
not consistent. 
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Figure A.5. Screen capture of digitized anterior half of an Apatosaurus left humerus (AMNH 
6114) showing incorrectly lofted surface.  Dark bands indicate areas where surface doubles back 
on itself. 
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Figure A.6. Screen capture of digitized wire frame surface of the anterior half of an Apatosaurus 
left humerus (AMNH 6114) showing a correctly lofted surface. 
 
Step10: Save the file.  The file may now be saved in one of a number of file formats.  All 
files were initially saved as ProE\NT IGES (Initial Graphics Exchange Specification) files.  The 
IGES format is compatible with most three-dimensional modeling programs. 
Turn the specimen over and stabilize it.  At this point the user can either select NEW 
From the FILE menu or simply delete the data that was just collected and rename the file.  
Beginning with step 7, digitize the other side of the element.  With both sides digitized the two 
files can be imported into another program (e. g. Surfacer), and registered together to form a 
three-dimensional solid (Fig. A.7). 
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Figure A.7. Completed three-dimensional model of an Apatosaurus left humerus (AMNH 6114). 
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APPENDIX B: DIGITIZED AND MEASURED SPECIMENS 
The following institutional abbreviations are used throughout the following tables: 
American Museum of Natural History, AMNH; Brigham Young University Earth Science 
Museum, BYU; Carnegie Museum of Natural History, CM; Dinosaur National Monument, 
DNM; College of Eastern Utah, CEU; University of Kansas, KUVP; Museum of Western 
Colorado, MWC; Field Museum of Natural History, P; South Dakota School of Mines, SDSM; 
University of Utah, UUVP; University of Wyoming, UW; Wyoming Dinosaur Center, WDC; 
Museum of the Rockies, MOR; Oklahoma Museum of Natural History, OMNH; and Yale 
Peabody Museum, YPM. 
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TABLE B.1 DIGITIZED GIRDLE ELEMENTS 
Element Side Specimen # Taxon Length Width Height 
Greatest 
Proximal 
Breadth 
Greatest 
Distal 
Breadth 
Scapulocoracoid L AMNH5855 Diplodocus 990     
Scapulocoracoid L AMNH664 Camarasaurus 1250     
Scapula R BYU 681 - 10618 Apatosaurus 1180     
Scapula R KUVP129714 Camarasaurus 820     
Scapula R DNM 1028 Diplodocus 718     
         
Coracoid R DNM1028 Diplodocus 260 200    
Coracoid R BYU681-4599 Apatosaurus 425 357    
Coracoid R KUVP129714 Camarasaurus 255 330    
         
Sternal R? AMNH615 Diplodocus 612 370    
Sternal R? BYU 681 - 12534 Diplodocus 160 ?    
Sternal R? WDC BS-104 Camarasaurus 527 215    
Sternal L? BYU 681 - 4600 Apatosaurus 343 258    
         
Illium L CM21746 Apatosaurus 506  346   
Illium L DNM 1253 Camarasaurus 550  410   
Illium L DNM1018 Diplodocus 550  348   
         
Ischium R BYU 681 - 10687 Apatosaurus 745   420 205 
Ischium L BYU 681 - 16964 Apatosaurus 524   320 160 
Ischium R DNM 1227 Diplodocus 435   250 110 
Ischium R UUVP4350 (cast) Camarasaurus 890   418 127 
Ischium R MWC Field # 137 Camarasaurus 1012   470 145 
         
Pubis L BYU 681 - 12915 Diplodocus 768   328 252 
Pubis L CM 563 Apatosaurus 1087   517 380 
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Pubis R UUVP4939 (cast) Camarasaurus 890   400 345 
Pubis R MWC #198 Apatosaurus 1045   na 320 
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TABLE B.2 DIGITIZED LIMB ELEMENTS 
Bone side Specimen taxon Length 
Greatest 
Proximal 
Breadth 
Least 
Breadth 
Greatest 
Distal 
Breadth 
Least 
Circumference 
Humerus R AMNH5855 Diplodocus 740 330 130 X 322 
Humerus L AMNH6114 Apatosaurus 1037 543 228 400 578 
Humerus L AMNH664 Camarasaurus 773 348 135 233 350 
Humerus R BYU 681 - 4742 Diplodocus 612 265 102 192 276 
Humerus R DNM 1093 Diplodocus 554 245 90 179 255 
Humerus L MWC 2548 Apatosaurus 1165 570 214 425 578 
Humerus R MWC 2842 Camarasaurus 1183 435 177 382 517 
Humerus L MWC No # Apatosaurus 608 305 130 240 340 
Humerus L UW 52029 Diplodocus 719 292 122 224 338 
Humerus R WDC BB Cast Camarasaurus 592 260 107 177 290 
Humerus R WDC J-910 Diplodocus 734 274 105 224 299 
         
Radius R AMNH5855 Diplodocus 528 X 68 126 190 
Radius L AMNH664 Camarasaurus 518 144 66 136 190 
Radius R BYU 681 - 13328 Apatosaurus 534 155 82 145 218 
Radius R BYU 681 - 4711 Apatosaurus 543 141 77 143 213 
Radius R BYU 681 - 4726 Diplodocus 461 105 56 92 157 
Radius L CM 563 Apatosaurus 762 238 131 226 329 
Radius R P25182 Camarasaurus 669 146 76 174 230 
Radius R WDC BB-293 Diplodocus 539 141 68 139 197 
Radius L WDC BB-51 Diplodocus 521 120 61 108 181 
Radius L WDC LA-12 Sauropod 667 197 124 200 346 
         
Ulna L AMNH5855 Diplodocus 549 X 65 102 193 
Ulna L AMNH664 Camarasaurus 550 234 77 114 235 
Ulna L BYU 681 - 4719 Apatosaurus 540 223 88 143 260 
Ulna R BYU 681 - 4720 Apatosaurus 572 190 82 143 257 
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Ulna R BYU 681 - 4708 Diplodocus 490 143 58 90 172 
Ulna R CM 21717 Apatosaurus 405 180 69 109 218 
Ulna R P25182 Camarasaurus 697 238 85 139 270 
         
Femur L AMNH5855 Diplodocus 1125 330 170 278 405 
Femur L AMNH7539 Diplodocus 1170 349 172 307 455 
Femur R BYU 601 - 17103 Apatosaurus 819 230 125 245 349 
Femur R BYU 681 - 17014 Diplodocus 955 268 135 257 366 
Femur L Cast of YPM5723 Camarasaurus 1167 400 201 374 524 
Femur L CM21788 Diplodocus 836 233 108 220 ? 
Femur L DNM 2941 Camarasaurus 324 108 56 102 157 
Femur R MWC # 623 Camarasaurus 1410 444 240 410 617 
         
Tibia L AMNH5855 Diplodocus 795 X 99 194 277 
Tibia L BYU 681 - 13326 Apatosaurus 859 277 127 205 365 
Tibia R BYU 681 - 4718 Diplodocus 713 204 99 163 264 
Tibia L CM556 Apatosaurus 885 218 95 187 270 
Tibia R DNM 2561 Diplodocus 335 106 57 91 155 
Tibia R DNM 2959 Camarasaurus 627 225 100 209 271 
Tibia L P25109 Camarasaurus 736 244 133 205 343 
Tibia R SDSM 35952 Diplodocus 694 196 111 205 317 
Tibia L YPM5861 Camarasaurus 523 192 89 165 254 
         
Fibula L AMNH5855 Diplodocus 808 187 62 X 179 
Fibula R BYU 652 - 9471 Camarasaurus 804 165 90 137 223 
Fibula R BYU 681 - 12804 Apatosaurus 845 210 90 140 244 
Fibula R BYU 681 - 17015 Diplodocus 729 147 62 126 178 
Fibula L CM556 Apatosaurus 885 218 95 187 270 
Fibula R KUVP 129716 Camarasaurus 948 223 101 161 274 
Fibula L KUVP573 Camarasaurus 974 217 95 175 300 
Fibula L MWC No # Diplodocus 1205 252 108 207 281 
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Fibula L P25109 Camarasaurus 753 170 76 145 222 
Fibula R WDC BB-259 Diplodocus 643 136 59 113 165 
Fibula L WDC BB-308 Diplodocus 830 153 69 130 204 
Fibula L WDC BS-212 Apatosaurus 951 159+ 94 160 274 
Fibula L YPM1901 Camarasaurus 745 160 82 146 240 
Fibula R YPM1910 Camarasaurus 432 120 60 170 145 
Fibula L YPM5863 Camarasaurus 480 87+ 55 76 150 
         
Astragalus L AMNH5855 Diplodocus 190     
Astragalus L BYU 681 - 17093 Apatosaurus 186     
Astragalus R BYU 681 - 4700 Diplodocus 177     
Astragalus R CM89 Apatosaurus 240     
Astragalus L CM1955 Camarasaurus 279     
Astragalus R CM21741 Diplodocus 254     
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TABLE B.3 MEASURED HUMERI 
Bone Specimen side taxon Length 
Greatest 
Proximal 
Breadth 
Least 
Breadth 
Greatest 
Distal 
Breadth 
Least 
Circumference 
Humerus CM21715 L Apatosaurus 792 417 169 367 460 
Humerus CM566 R Apatosaurus  220 103 38 81 120 
Humerus CM566 L Apatosaurus  225 101 37 80 120 
Humerus YPM1981 L Apatosaurus 1139 522 207 390 580 
Humerus CM3018 L Apatosaurus 1140 570 234 425 X 
Humerus CM3018 R Apatosaurus 1182 578 229 447 X 
Humerus CEU252 ? Apatosaurus 1080 495 236 396 633 
Humerus DNM 3712 L Apatosaurus 1068 495+ 215 380 X 
Humerus MWC-No # L Apatosaurus 608 305 130 240 340 
Humerus OMNH 01278 L Apatosaurus 258 X 51 108 144 
Humerus SDSM 25413 R Apatosaurus 535 268 117 202 312 
Humerus Field mounted apato L Apatosaurus 1098 513 204 390 551 
Humerus Field mounted apato R Apatosaurus 1115 520 227 398 581 
Humerus AMNH6114 L Apatosaurus 1037 543 228 400 578 
Humerus USNM337855 L Apatosaurus 1152 X 217 370 ? 
Humerus USNM337827 R Apatosaurus 275 130 51 109 159 
Humerus AMNH711 L Apatosaurus 1177 460 168 365 488 
Humerus CM3378 L Apatosaurus 970 ? 178 ? ? 
Humerus OMNH 01275 R Apatosaurus 257 119 45 X 129 
Humerus Bertha L Apatosaurus  1055 ? 202 415 555 
Humerus MWC2548 L Apatosaurus  1165 570 214 425 578 
Humerus AMNH558 L Apatosaurus  367 163 72 124 ? 
Humerus CM21719 R Barosaurus 1010 325 125 290 ? 
Humerus AMNH 6341 ? Barosaurus 1038 347 160 258 439 
Humerus P25107 R Brachiosaurus  2004 633 285 409+ ? 
Humerus Supersaurus hum L Brachiosaurus 1674 X 188 X 584 
Humerus YPM5858 L Camarasaurus 525 234 89 196 241 
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Humerus YPM5859 R Camarasaurus 616 247 105 210 294 
Humerus YPM1901 L Camarasaurus 892 382 147 274 398 
Humerus YPM1905 L Camarasaurus 865 368 147 297+ 405 
Humerus YPM1905 L Camarasaurus 860 359 139 X 400 
Humerus YPM5858 L Camarasaurus 523 232 87 195 240 
Humerus YPM5859 R Camarasaurus 612 245 107 204 291 
Humerus P25182 R Camarasaurus  922 410 147 293 404 
Humerus CM11338 L Camarasaurus 420 210 81 164 254 
Humerus CM11393 R Camarasaurus 1195 455 177 337 500 
Humerus USNM13786 L Camarasaurus 804 382 140 236 380 
Humerus DNM4151 R Camarasaurus 581 215 91 164 X 
Humerus DNM4086 L Camarasaurus 319 105 X 110 X 
Humerus DNM4260 ? Camarasaurus 820 324 121 210 X 
Humerus Hump ? Camarasaurus 454 X X X X 
Humerus DNM4385 ? Camarasaurus 774 X X 250 X 
Humerus CM33963 R Camarasaurus 508 195 82 160 224 
Humerus CM38320 L Camarasaurus 1040 432 178 366 484 
Humerus CM21781 L Camarasaurus 792 343 142 280 404 
Humerus YPM1910 R Camarasaurus 520 251 98 198 272 
Humerus YPM1910 L Camarasaurus 513 253 97 210 270 
Humerus DNM 4192 L Camarasaurus 305 139 55 110 X 
Humerus CM21772 L Camarasaurus 550 172 81 167 226 
Humerus DNM3528 L Camarasaurus  925 335 X 293 X 
Humerus AMNH664 L Camarasaurus 773 348 135 233 350 
Humerus AMNH913 L Camarasaurus 348 154 61 132 172 
Humerus AMNH823 L Camarasaurus 765 302 133 257 350 
Humerus AMNH332 R Camarasaurus 786 X 150 X 368 
Humerus YPM6221 L Camarasaurus 739 242+ 130 313 335 
Humerus YPM(acc#1111) L Camarasaurus 930 373 165 233 448 
Humerus OMNH1277 L Camarasaurus 238 105 39 X 114 
Humerus OMNH2115 R Camarasaurus 227 108 40 82+ 117 
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Humerus OMNH2113 R Camarasaurus 1204 570 210 446 557 
Humerus UUVP3927 ? Camarasaurus 990 407 165 300 500 
Humerus F212(UUVP) ? Camarasaurus 1000 435 165 379 X 
Humerus MWC2842 R Camarasaurus 1183 435 177 382 517 
Humerus KUVP 129716 L Camarasaurus 1119 459 191 326 535 
Humerus BB rt. Hum cast R Camaras aurus 592 260 107 177 290 
Humerus BS 1561 L Camarasaurus 1037 445 178 313 509 
Humerus SDSM no # R Camarasaurus 1115 466 160 309+ X 
Humerus CM21775 L Camarasaurus 990 460 145 365 X 
Humerus CM36664 L Camarasaurus 1172 463 216 392 ? 
Humerus Jensen\Jensen R Camarasaurus 1296 560 217 410 620 
Humerus USNM481085 L Camarasaurus 910 331+ 128 257 367 
Humerus CFLCM171(Cast) ? Camarasaurus 1015 436 177 347 479 
Humerus UUVP4306 L Camarasaurus 1150 406 172 357 502 
Humerus UUVP5109(rest) R Camarasaurus  990 403 146 324 426 
Humerus UFMNH-Red ? Camarasaurus  1062 485 197 370 560 
Humerus CM21721 R Diplodocus  1036 389 148 314 450 
Humerus AMNH301 L Diplodocus 975 376 149 291 413 
Humerus USNM10865 L Diplodocus 1043 388 161 340 ? 
Humerus USNM10865 R Diplodocus 963 X 164 333 447 
Humerus AMNH5855 L Diplodocus 740 X 130 230 320 
Humerus BYU681-4742 R Diplodocus 612 265 102 192 276 
Humerus DNM 3734 R Diplodocus 980 360 140 285 X 
Humerus DNM 1093 R Diplodocus 554 245 90 179 255 
Humerus UW 52029 L Diplodocus 719 292 122 224 338 
Humerus J 910 R Diplodocus 734 274 105 224 299 
Humerus BB 832 R Diplodocus 750 308 110 203 315 
Humerus USNM5371 R Diplodocus 623 252 105 150 280 
Humerus USNM337826 L Diplodocus 645 210 77 168 235 
Humerus MOR 714 7-19-93-30 L Diplodocus 617 237 97 189 239 
Humerus MOR 714 8-1-92-213 L Diplodocus 618 X 94 201 245 
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Humerus SDSM 25217 L Diplodocus 735 X 128 217+ 329 
Humerus AMNH907 L Diplodocus 427 195 77 175 215 
Humerus WDIS 004-1 R Diplodocus 302 158+ 47 101 145 
Humerus UUVP(A113) L Diplodocus 1034 363 148 277 444 
Humerus AMNH5855 R Diplodocus  740 330 130 X 322 
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TABLE B.4. MEASURED RADII 
Bone Specimen side taxon Length 
Greatest 
Proximal 
Breadth 
Least 
Breadth 
Greatest 
Distal 
Breadth 
Least 
Circumference 
Radius CM21708 L Apatosaurus 490 122 74 163 231 
Radius CM21780 ? Apatosaurus 488 ? 82 ? 226 
Radius CM3018 L Apatosaurus 805 236 123 238 350 
Radius USNM4726 R Apatosaurus 720 X 89 X 323 
Radius BYU681-4711 R Apatosaurus 543 141 77 143 213 
Radius OMNH 01783 R Apatosaurus 885 253 135 257 347 
Radius OMNH 01362 R Apatosaurus 775 228 109 214 307 
Radius BYU681-4725 L Apatosaurus 689 251 92 150 275 
Radius CM563 L Apatosaurus 762 238 131 226 329 
Radius AMNH479 R Apatosaurus 664 198 118 177 308 
Radius BYU681-13328 R Apatosaurus 534 155 82 145 218 
Radius AMNH711 L Apatosaurus 869 206 85 205 365 
Radius Bertha L Apatosaurus 674 220 112 120 330 
Radius USNM337925 R Apatosaurus 875 272 158 254 394 
Radius BYU725-10610 R Apatosaurus  564 120 71 155 228 
Radius CM21744 ? Barosaurus 918 117 78 141 251 
Radius DMNH 39045 R Caderosaurus 813 170+ 78 120 244 
Radius YPM1901 L Camarasaurus 640 155 79 167 213 
Radius YPM1901 L Camarasaurus 625 164 69 151 215 
Radius P25182 R Camarasaurus  669 146 76 174 230 
Radius CM11338 L Camarasaurus 300 76 39 76 X 
Radius CM11393 R Camarasaurus 790 200 93 193 305 
Radius USNM13786 R Camarasaurus 605 X X X X 
Radius DNM1123 L Camarasaurus 164 59 22 48 85 
Radius DNM2499 L Camarasaurus 224 59 27 51 88 
Radius DNM3977 ? Camarasaurus 612 X 82 120 X 
Radius DNM4024 ? Camarasaurus 558 114 67 X X 
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Radius CM33949 R Camarasaurus 755 173 92 175 262 
Radius YPM1910 L Camarasaurus 378 108 54 120 X 
Radius AMNH664 L Camarasaurus 518 144 66 136 190 
Radius AMNH823 L Camarasaurus 530 135 70 138 208 
Radius AMNH823 R Camarasaurus 548 144 79 158 192 
Radius AMNH332 L Camarasaurus 530 133 77 132 210 
Radius AMNH332 R Camarasaurus 570 120 80 116 217 
Radius AMNH712 L Camarasaurus 789 208 97 228 296 
Radius KUVP 129716 L Camarasaurus 782 205 105 194 305 
Radius BYU725-2ed. Hole R Camarasaurus 726 139 82 150 234 
Radius BS 1561 R Camarasaurus 720 200 97 187 288 
Radius SDSM 351 R Camarasaurus 767 191 97 173+ 265 
Radius KUVP 129716 R Camarasaurus 781 225 99 193 296 
Radius SDSM 25263 R Camarasaurus 703 204 85 182 243 
Radius CM21775 L Camarasaurus 742 154 90 178 255 
Radius CM36664 L Camarasaurus 848 193 97 203 298 
Radius USNM337863 R Camarasaurus 756 X 114 187 289 
Radius AMNH318 L Camarasaurus 677 203 113 167 280 
Radius BYU725 - 17247 R Camarasaurus 580 X 84 X 228 
Radius Nail Quarry L Camarasaurus 571 X 74 148 209 
Radius OMNH1416 L Camarasaurus  308 86 36 84 125 
Radius USNM10865 R Diplodocus 670 154 96 150 247 
Radius BYU725-11833 R Diplodocus 679 126 79 137 207 
Radius BYU681-4726 R Diplodocus 461 105 56 92 157 
Radius DNM 3787 R Diplodocus 323 80 37 77 119 
Radius DNM 3731 ? Diplodocus 730 140 75 130 X 
Radius BB 51 L Diplodocus 521 120 61 108 181 
Radius AMNH5855 R Diplodocus 528 X 68 126 190 
Radius USNM5371 R Diplodocus 480 108 58 81 160 
Radius USNM337826 L Diplodocus 394 X 46 X 153 
Radius USNM4269 L Diplodocus 627 X 85 153 232 
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Radius USNM4729 L Diplodocus 584 164 77 138 215 
Radius USNM337851 R Diplodocus 773 165 85 145 246 
Radius DM/99 rad-1 R Diplodocus 675 X 75 X 219 
Radius MOR 790 7-15-96-30 R Diplodocus 435 100 56 99 148 
Radius MOR 790 8-12-95-192 L Diplodocus 456 104 51 107 154 
Radius MOR 790 7-13-95-78 R Diplodocus 366 87 50 89 132 
Radius MOR 790 7-31-95-160 L Diplodocus 435 83 50 103 148 
Radius MOR 790 7-15-96-29 R Diplodocus 479 88 55 98 166 
Radius MOR 714 7-13-92-103 R Diplodocus 427 101 51 97 136 
Radius MOR 714 8-2-93-110 L Diplodocus 494 116 58 97 155 
Radius SDSM 25217 L Diplodocus 563 X 69 X 185 
Radius BB 293 L Diplodocus 539 141 68 139 197 
Radius WDIS 004-2 R Diplodocus 220 50 29 48 85 
Radius AMNH924 ? Diplodocus 355 79 40 89 120 
Radius BYU725-4963 R Diplodocus 675 153 84 182 230 
Radius He-mtl-2-DM-79 R Diplodocus 576 106 66 127 183 
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TABLE B.5. MEASURED ULNAE 
Bone Specimen side taxon Length 
Greatest 
Proximal 
Breadth 
Least 
Breadth 
Greatest 
Distal 
Breadth 
Least 
Circumference 
Ulna CM555 R Apatosaurus  597 255 89 147 296 
Ulna CM566 R Apatosaurus  163 59 30 33 76 
Ulna CM21708 L Apatosaurus 540 225 77 127 274 
Ulna CM21717 R Apatosaurus 405 180 69 109 218 
Ulna CM42276 ? Apatosaurus 810 333 112 201 363 
Ulna CM3018 L Apatosaurus 850 350 120 225 X 
Ulna BYU681-4725 L Apatosaurus 619 251 92 150 275 
Ulna BYU681-4719 L Apatosaurus 540 223 88 143 260 
Ulna BYU681-10622 L Apatosaurus 560 233 92 148 282 
Ulna BYU681-13327 L Apatosaurus 545 195 79 150 261 
Ulna BYU681-4720 R Apatosaurus 572 190 82 143 257 
Ulna OMNH 01809 R Apatosaurus 924 300 152 218 417 
Ulna AMNH479 R Apatosaurus 716 305 128 X 355 
Ulna USNM337839 R Apatosaurus 399 170 68 116 210 
Ulna USNM337838 L Apatosaurus 541 223 86 144 274 
Ulna BYU681-9260 L Apatosaurus 503 200 96 143 296 
Ulna AMNH711 L Apatosaurus 917 347 84 189 320 
Ulna Bertha L Apatosaurus  720 303 121 230 370 
Ulna MOR 714 7-20-93-33 L Apatosaurus  382 126 51 61 142 
Ulna CM21744 ? Barosaurus 972 227 112 140 298 
Ulna USNM337923 L Brachiosaurus  956 346 125 186 ? 
Ulna CEU 370 (quarry#) L Brachiosaurus  926 403 97 204 294 
Ulna YPM5865 R Camarasaurus 661 187+ 87 150 270 
Ulna YPM1901 L Camarasaurus 648 245 89 168 249 
Ulna YPM5865 R Camarasaurus 669 X 96 147 271 
Ulna P25182 R Camarasaurus  697 238 85 139 270 
Ulna CM11338 L Camarasaurus 309 110 50 73 X 
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Ulna CM11393 R Camarasaurus 850 290 110 158 333 
Ulna DNM3976 ? Camarasaurus 620 269 81 116 X 
Ulna DNM4028 ? Camarasaurus 586 110 76 X X 
Ulna CM42275 R Camarasaurus 330 126 44 61 128 
Ulna YPM1910 L Camarasaurus 353 182 65 94 X 
Ulna AMNH664 L Camarasaurus 550 234 77 114 235 
Ulna AMNH823 L Camarasaurus 577 233 80 115 225 
Ulna AMNH823 R Camarasaurus 570 227 73 128 220 
Ulna AMNH332 L Camarasaurus 581 191 75 117 217 
Ulna AMNH332 R Camarasaurus 582 X 70 X 211 
Ulna OMNH1414 L Camarasaurus 334 135+ 53 72 147 
Ulna KUVP 129716 R Camarasaurus 826 321 109 160 306 
Ulna KUVP 129716 L Camarasaurus 732 290 119 166 327 
Ulna SDSM 25263 R Camarasaurus 783 310 110 171 297 
Ulna BS 1561 R Camarasaurus 768 283 107 166 309 
Ulna SDSM 351 R Camarasaurus 840 300 112 161 312 
Ulna CM21775 L Camarasaurus 788 350 114 147 X 
Ulna AMNH318 L Camarasaurus 738 311 110 150 340 
Ulna AMNH712 L Camarasaurus  887 323 116 204 330 
Ulna YPM4633 L Camarasaurus  800 205 112 150 316 
Ulna USNM13786 L Diplodocus 742 248 110 138 ? 
Ulna USNM13786 R Diplodocus 713 238 102 144 314 
Ulna BYU681-4708 R Diplodocus 490 143 58 90 172 
Ulna BYU-725-11800 R Diplodocus  350 125 45 68 142 
Ulna USNM337854 L Diplodocus 593 161 70 110 228 
Ulna DNM 3708 R Diplodocus 800 245 90 113 X 
Ulna DNM 3801 R Diplodocus 315 110 53 80 153 
Ulna AMNH5855 L Diplodocus 549 X 65 102 193 
Ulna USNM5371 R Diplodocus 495 171 60 76 X 
Ulna USNM337826 L Diplodocus 434 X 63 X 175 
Ulna USNM337851 R Diplodocus 780 279 90 130 272 
 214 
Ulna MOR 790 7-14-96-23 L Diplodocus 534 186 78 94 208 
Ulna MOR 790 7-17-96-44 R Diplodocus 419 154 67 93 192 
Ulna MOR 790 7-8-95-16 L Diplodocus 470 161 54 94 170 
Ulna MOR 714 7-19-3-29 R Diplodocus 474 143 50 84 151 
Ulna SDSM 25217 L Diplodocus 610 X 63 109 187 
Ulna DNM 4941 R Diplodocus 280 97 37 X X 
Ulna BYU Superulna L Supersaurus 1262 499+ 190 245 534 
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TABLE B.6. MEASURED FEMORA 
Bone Specimen side taxon Length 
Greatest 
Proximal 
Breadth 
Least 
Breadth 
Greatest 
Distal 
Breadth 
Least 
Circumference 
Femur AMNH5764 R Amphiceoleus 1750+ 430 215 X 715 
Femur CM3018 R Apatosaurus 1765 ? 313 572 X 
Femur CM566 R Apatosaurus  330 95 50 96 148 
Femur CM30766 L Apatosaurus  1302 400 207 359 ? 
Femur CM33976 L Apatosaurus 725 122 103 193 288 
Femur P25112 ? Apatosaurus 1810 641 317 547 805 
Femur OMNH 01667 L Apatosaurus 1730 599 311 545 766 
Femur KUVP 1351 R Apatosaurus 1777 X 310 500+ 795 
Femur BS 157 L Apatosaurus 1387 410 249 394 600 
Femur DNM 3748 R Apatosaurus 1600 478+ 270 X X 
Femur DNM 4221 R Apatosaurus 473 151 90 137 X 
Femur DNM 3817 L Apatosaurus 1605 525 280 510 X 
Femur DNM 4015 L Apatosaurus 648 190 100 166 X 
Femur CMNH 10039 L Apatosaurus 1071 350 205 290 513 
Femur USNM4797 R Apatosaurus 1803 540 312 510 810 
Femur BYU601-17103 R Apatosaurus 819 230 125 245 349 
Femur CEU66-295(field#) ? Apatosaurus 1640 538 277 497 X 
Femur YPM5862 R Apatosaurus 759 236 116 212 310 
Femur BYU601-display mate R Apatosaurus  1665 X 268 488 725 
Femur WDC Bsaptocast R Apatosaurus  1490 452 250 468 666 
Femur AMNH 6341 ? Barosaurus 1430 409 220 390 560 
Femur P25107 R Brachiosaurus  2019 586 370 568 ? 
Femur KUVP 1407 L Camarasaurus  1430 478 262 460 700 
Femur YPM1901 L Camarasaurus 1190 395 205 370 X 
Femur YPM5851 L Camarasaurus 730 251 128 242 336 
Femur cast of CM5723 L Camarasaurus 1167 400 201 374 524 
Femur USNM13786 L Camarasaurus 974 354 176 296 492 
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Femur Hump R Camarasaurus 1491 490 253 452 679 
Femur CM2772 L Camarasaurus 550 172 81 167 226 
Femur YPM1910 L Camarasaurus 747 423 135 229 360 
Femur CM11338 L Camarasaurus 591 215 97 168 298 
Femur CM11393 R Camarasaurus 1566 435 261 422 682 
Femur DNM4143 L Camarasaurus 1077 338 168 305 X 
Femur DNM 2941 L Camarasaurus 324 108 56 102 157 
Femur UUVPNo # R Camarasaurus 1190 X 244 414 624 
Femur CM36663 L Camarasaurus 1410 439 275 397 X 
Femur AMNH911 L Camarasaurus 557 193 85 170 224 
Femur AMNH461 L Camarasaurus 1007 290 175 310 445 
Femur AMNH895 R Camarasaurus 948 320 145 294 377 
Femur AMNH918 L Camarasaurus 953 316 155 301 405 
Femur AMNH945 L Camarasaurus 700 266 120 232 328 
Femur OMNH1794 R Camarasaurus 600 211 114 192 278 
Femur BYU725-12600 L Camarasaurus 1177 X 190 352 480 
Femur BYU725-12173 R Camarasaurus 1200 400 224 365 543 
Femur UUVP4304 L Camarasaurus 1280 413 233 366 X 
Femur UUVP5740 L Camarasaurus 1539 481 258 463 X 
Femur MWC623 R Camarasaurus 1410 444 240 410 617 
Femur BS 13 R Camarasaurus 1490 435 263 455 659 
Femur Thermopolis no # L Camarasaurus 1370 418 231 405 667 
Femur KUVP 129716 L Camarasaurus 1471 458 243 435 X 
Femur CM36664 L Camarasaurus 1452 397 230 380 ? 
Femur USNM7711 L Camarasaurus 807 240 138 240 X 
Femur BYU725-12164 R Camarasaurus 1423 363 217 398 584 
Femur BYU725-17104 L Camarasaurus 1490 426 248 444 631 
Femur BYU725-13689 L Camarasaurus 540 X 83 X 239 
Femur WDC BS157 L Camarasaurus 1402 412 240 400 628 
Femur USNM481085 R Camarasaurus 1229 415 200 313 ? 
Femur BYU610-12006 R Camarasaurus 1165 354 223 X 550 
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Femur CM84 R Diplodocus 1525 ? 224 408 X 
Femur CM21788 L Diplodocus 836 233 108 220 ? 
Femur CM30762 R Diplodocus 940 263 135 200 ? 
Femur USNM10865 L Diplodocus 1545 349 210 364 564 
Femur thorne mus. Fem. R Diplodocus 1360 310 180 315 X 
Femur AMNH5855 L Diplodocus 1125 330 170 278 405 
Femur TMM993-1 L Diplodocus 1485 488 212 410 551 
Femur BB 761 L Diplodocus 1255 395 189 329 451 
Femur OMNH 1793 L Diplodocus 610 145 87 135 254 
Femur BYU725-4889 R Diplodocus 1121 256 139 250 354 
Femur BYU725-11421 L Diplodocus 975 251 119 227 354 
Femur DNM 4995 R Diplodocus 1345 315 170 287 X 
Femur DNM 3781 L Diplodocus 665 190 95 178 243 
Femur DNM 3735 R Diplodocus 1275 390 220 360 X 
Femur DNM 4007 L Diplodocus 472 210 93 200 X 
Femur DNM 4172 L Diplodocus 885 229 130 220 X 
Femur SDSM 25340 L Diplodocus 1349 375 200 365 X 
Femur BB 463 R Diplodocus 950 276 136 250 361 
Femur DNM 3747 R Diplodocus 1350 380 180 X X 
Femur CMNH 10966 R Diplodocus 1517 X 215 407 X 
Femur CM21710 L Diplodocus 1575 400 213 377 X 
Femur AMNH7539 L Diplodocus 1170 349 172 307 455 
Femur USNM481093 R Diplodocus 965 296+ 137 247 X 
Femur USNM337871 R Diplodocus 875 226 115 205 325 
Femur BYU725-16610 R Diplodocus 1105 X 130 214 365 
Femur BYU725-13670 L Diplodocus 467 135 60 120+ 162 
Femur BYU725-16569 L Diplodocus 1136 240 155 231 385 
Femur BYU Filed#Fe-4-DM/97 L Diplodocus 1320 394 183 296 490 
Femur BYU725-13643 L Diplodocus 1457 402 202 367 536 
Femur BYU725-16937 L Diplodocus 1253 X 173 302 456 
Femur BYU725-11421 L Diplodocus 980 252 119 217 350 
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Femur BYU725-9026 R Diplodocus 1246 X 143 273 377 
Femur BYU725field#fe-5-dm/72 R Diplodocus 1355 305 160 X 435 
Femur BYU725-13369 R Diplodocus 1365 303 173 302 513 
Femur AMNH435 R Diplodocus 1058 338 178 298 458 
Femur AMNH7539 R Diplodocus 1178 347 177 309 458 
Femur BYU725-12155 L Diplodocus  1345 338 176 295 455 
Femur MOR 592-35 L Diplodocus 1243 293 132 239 405 
Femur UMNH-VP-82 L Diplodocus  1622 455 214 378 X 
Femur CMNH 10380 L Haplocanthosaurus 1751 580 312 570 765 
Femur CM572 L Haplocanthosaurus 1258 329 195 313 ? 
Femur USNM4275 L Haplocanthosaurus 1089 353 199 331 ? 
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TABLE B.7. MEASURED TIBIAE 
Bone Specimen side taxon Length 
Greatest 
Proximal 
Breadth 
Least 
Breadth 
Greatest 
Distal 
Breadth 
Least 
Circumference 
Tibia P13020 L Antarctasaurus 1245 362 180 280 ? 
Tibia YPM1981 L Apatosaurus 1102 427 195 314 512 
Tibia CM21740 R Apatosaurus  1115 383 192 290 ? 
Tibia CM556 L Apatosaurus 845 257 137 229 377 
Tibia CM21729 R Apatosaurus 767 255 120 193 323 
Tibia CM3018 R Apatosaurus 1131 460 205 354 X 
Tibia AMNH271 R Apatosaurus 912 278 155 241 400 
Tibia BYU681-13326 L Apatosaurus 859 277 127 205 365 
Tibia OMNH 01285 R Apatosaurus 204 89 49 67 115 
Tibia OMNH 01286 R Apatosaurus 224 85 44 67 111 
Tibia OMNH 01291 L Apatosaurus 230 89 44 75 114 
Tibia OMNH 01668 R Apatosaurus 1344 462 192 324 561 
Tibia DNM 3816 R Apatosaurus 1165 395 185 295 X 
Tibia CMNH 10038 L Apatosaurus 930 318 190 261 495 
Tibia AMNH514 L Apatosaurus 411 150 80 126 216 
Tibia OMNH 52396 R Apatosaurus 189 77 40 57 108 
Tibia TM 001 (cast) L Apatosaurus 1068 365 162 313 460 
Tibia UMNH-VP-79 ? Apatosaurus  1150 378 184 360 X 
Tibia AMNH 6341 ? Barosaurus 1050 270 141 251 371 
Tibia CEU 361 (quarry#) R Brachiosaurus  947 316 129 254 353 
Tibia YPM5861 L Camarasaurus 523 192 89 165 254 
Tibia YPM1905 L Camarasaurus 732 252 124 217 339 
Tibia YPM5861 L Camarasaurus 510 182 90 150 250 
Tibia YPM1901(1905) L Camarasaurus 729 247 128 240 342 
Tibia P25109 L Camarasaurus  736 244 133 205 343 
Tibia CM11338 L Camarasaurus 335 X 67 116 180 
Tibia USNM13786 R Camarasaurus 658 X X X X 
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Tibia DNM4109 ? Camarasaurus 650 X 85 205 X 
Tibia Hump ? Camarasaurus 942 363 219 227 X 
Tibia CM21777 L Camarasaurus 623 200 100 182 270 
Tibia CM21783 R Camarasaurus 770 X 138 245 376 
Tibia YPM1910 L Camarasaurus 420 185 100 160 257 
Tibia YPM1910 R Camarasaurus 456 185 92 150 242 
Tibia DNM 4033 R Camarasaurus 560 X 90 150 X 
Tibia DNM4165 L Camarasaurus 625 193 102 142 X 
Tibia DNM 2959 R Camarasaurus 627 225 100 209 271 
Tibia AMNH925 L Camarasaurus 297 117 55 105 150 
Tibia AMNH461 L Camarasaurus 607 186 110 219 289 
Tibia YPM40865(cast) R Camarasaurus 799 257 125 240 350 
Tibia KUVP 129716 R Camarasaurus 930 360 165 314 436 
Tibia DNM 4236 L Camarasaurus 483 X 72 104 X 
Tibia BS 217 R Camarasaurus 894 323+ 171 295+ X 
Tibia BB 94 L Camarasaurus 757 240 120 190+ 308 
Tibia SDSM 35952 R Camarasaurus 694 196 111 205 317 
Tibia USNM481085 R Camarasaurus 840+ 250+ 132 171+ 372 
Tibia USNM4920 R Camarasaurus 920 320 178 250 450 
Tibia CM33951 L Diplodocus  1090 280 138 215 395 
Tibia CM94 R Diplodocus  1025 274 130 237 X 
Tibia CM33951 R Diplodocus 1113 297 142 220 485 
Tibia CM33967 ? Diplodocus 612 156 83 117 225 
Tibia AMNH478 R Diplodocus 1138 247 130 224 360 
Tibia USNM10865 L Diplodocus 988 358 167 250 416 
Tibia DNM2561 R Diplodocus 335 106 57 91 155 
Tibia DNM 2921 R Diplodocus 575 172 80 130 214 
Tibia DNM4999 L Diplodocus 1010 310 130 212 X 
Tibia BB 369 R Diplodocus 840 258 125 205 325 
Tibia AMNH5855 L Diplodocus 795 X 99 194 277 
Tibia AMNH559 L Diplodocus 920 230 127 239 366 
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Tibia AMNH585 L Diplodocus 1247 331 148 241 418 
Tibia AMNH251 R Diplodocus 1065 256 135 260 385 
Tibia YPM18710(AMNH698) L Diplodocus 1147 278 123 251 371 
Tibia USNM337844 L Diplodocus 618 168 88 145 227 
Tibia USNM4730 L Diplodocus 728 223 110 156 274 
Tibia USNM4727 L Diplodocus 550 150 80 115 210 
Tibia BYU681-4718 R Diplodocus 713 204 99 163 264 
Tibia MOR 790 7-12-96-12 R Diplodocus 763 203 104 167 267 
Tibia MOR 714 8-17-93-197 R Diplodocus 741 180 94 164 267 
Tibia MOR 714 7-25-92-180 R Diplodocus 553 195 96 138 243 
Tibia DNM 4091 R Diplodocus 485 X X 111 X 
Tibia BYU-725-9027 R Diplodocus 360 145 58 78 155 
Tibia DM/72 He-un-1 R Diplodocus 364 105 61 X X 
Tibia TM 0021 R Supersaurus 1287 395 158 X 433 
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TABLE B.8. MEASURED FIBULAE 
Bone Specimen side Taxon Length 
Greatest 
Proximal 
Breadth 
Least 
Breadth 
Greatest 
Distal 
Breadth 
Least 
Circumference 
Fibula YPM1981 L Apatosaurus 1156 280 140 219 370 
Fibula CM556 L Apatosaurus 885 218 95 187 270 
Fibula CM3018 R Apatosaurus 1145 300 150 227 389 
Fibula AMNH271 R Apatosaurus 945 X 110 162 272 
Fibula BYU681-4712 R Apatosaurus 792 167 98 137 250 
Fibula BYU681-12804 R Apatosaurus 845 210 90 140 244 
Fibula OMNH 01295 R Apatosaurus 235 63 33 45 84 
Fibula OMNH 01296 R Apatosaurus 238 71 34 49 80 
Fibula OMNH 01372 L Apatosaurus 1072 240 120 206 304 
Fibula USNM4797 R Apatosaurus 1087 X 138 202 325 
Fibula USNM4270 L Apatosaurus 1081 X 116 232 346 
Fibula CEU 1694 R Apatosaurus 758 224 109 177 287 
Fibula AMNH514 R Apatosaurus 331 98 60 105 160 
Fibula TM 001 (cast) L Apatosaurus 1091 258 114 202 315 
Fibula CM566 L Apatosaurus 243 55 26 42 70 
Fibula AMNH 6341 ? Barosaurus 1122 211 97 185 262 
Fibula YPM5863 L Camarasaurus 480 87+ 55 76 150 
Fibula YPM1905 R Camarasaurus 765 161 82 142 240 
Fibula YPM1901 L Camarasaurus 745 160 82 146 240 
Fibula YPM5863 L Camarasaurus 475 96 53 79+ 148 
Fibula P25109 L Camarasaurus 753 170 76 145 222 
Fibula CM11338 L Camarasaurus 370 92 45 70 125 
Fibula CM11393 L Camarasaurus 960 225 95 143 283 
Fibula USNM13786 R Camarasaurus 696 X X X X 
Fibula DNM4110 ? Camarasaurus 676 X 59 111 X 
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Fibula Hump ? Camarasaurus 992 X 96 154 X 
Fibula YPM1910 L Camarasaurus 432 120 60 170 145 
Fibula DMNH17925 L Camarasaurus 821 180 78 140 243 
Fibula DNM 4166 L Camarasaurus 650 145 68 105 X 
Fibula DNM 4314 R Camarasaurus 635 125 60 105 X 
Fibula CM33950 L Camarasaurus 930 202 107 158 270 
Fibula YPM1910 R Camarasaurus 470 124 56 97 167 
Fibula YPM40865(cast)_ R Camarasaurus 789 170 82 132 235 
Fibula AMNH658 L Camarasaurus 678 137 59 105 176 
Fibula CM21730 L Camarasaurus 884 187 110 142 527 
Fibula KUVP 129716 L Camarasaurus 948 223 101 161 274 
Fibula KUVP 573 L Camarasaurus 974 217 95 175 300 
Fibula BS 212 R Camarasaurus 951 159+ 94 160 274 
Fibula KUVP 129716 R Camarasaurus 973 200 105 160 294 
Fibula CMNH 10040 L Camarasaurus 824 X 76 161 222 
Fibula BYU652-9471 R Camarasaurus 804 165 90 137 223 
Fibula AMNH582 L Camarasaurus 475 X 60 81 148 
Fibula CM94 R Diplodocus 1040 214 90 173 243 
Fibula CM33985 L Diplodocus 1092 217 117 180 288 
Fibula CM33924 R Diplodocus 1073 216 109 167 274 
Fibula CM33928 R Diplodocus 716 X 70 X 189 
Fibula AMNH332 L Diplodocus 1169 228 91 183 260 
Fibula AMNH478 R Diplodocus 1165 215 100 159 260 
Fibula USNM10865 L Diplodocus 1074 218 112 200 302 
Fibula DNM2561 R Diplodocus 368 67 33 44 X 
Fibula DNM 2921 R Diplodocus 595 140 X 95 X 
Fibula MWC-No # L Diplodocus 1205 252 108 207 281 
Fibula DNM3798 L Diplodocus 505 105 50 85 X 
Fibula DNM 3791 L Diplodocus 490 110 50 92 134 
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Fibula DNM 3931 L Diplodocus 1030 201 85 X X 
Fibula BB 259 L Diplodocus 643 136 59 113 165 
Fibula BB 308 L Diplodocus 830 153 69 130 204 
Fibula AMNH5855 L Diplodocus 808 187 62 X 179 
Fibula AMNH585 L Diplodocus 1260 225 100 190 286 
Fibula AMNH251 R Diplodocus 1127 179 87 150 234 
Fibula YPM18710(Amnh698) L Diplodocus 1210 194 98 160 282 
Fibula USNM4730 L Diplodocus 713 131 62 102 191 
Fibula USNM337852 ? Diplodocus 1231 X 108 185 280 
Fibula MOR 714 7-27-92-190 L Diplodocus 645 151 63 109 159 
Fibula BYU681-17015 R Diplodocus 729 147 62 126 178 
Fibula DNM 4808 R Diplodocus 520 109 55 X X 
Fibula AMNH926 L Diplodocus 435 115 50 85 152 
Fibula CM2043 ? Haplocanthosaurus  627 152 77 122 216 
Fibula USNM4275 L Haplocanthosaurus  610 X 78 138 215 
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